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A NEW DETERMINATION OF THE ATOMIC WEIGHT 
OF OSMIUM? 


By Raleigh Gilchrist 


ABSTRACT 


A method for the preparation of pure osmium is described. The value of the 
atomic weight of osmium is calculated from the average percentage of osmium 
found in carefully prepared samples of ammonium chloroosmate and of ammonium 
bromoosmate. The value obtained from the ratio (NH,),OsCl,: Os is 191.53, and 
from the ratio (NH,),OsBr,:Os is 191.57, based upon the values for nitrogen, 
hydrogen, chlorine, and bromine given in the International Table of Atomic 
Weights for 1932. The weighted average value is 191.55. 

The densities of ammonium chloroosmate and of ammonium bromoosmate at 
25° C. were found to be 2.93 g/cm’ and 4.09 g/cm, respectively. 
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I. INTRODUCTION 


Osmium was first identified as a new element by Tennant,’ who 
discovered it in the portion of crude platinum which is not attacked by 
aqua regia. Osmium occurs as a constituent of a natural alloy with 
indium known as osmiridium or iridosmine. The name osmium, 
which was chosen for the element, was taken from the Greek, ooy7, a 

smell, suggestive of the pronounced odor of the volatile tetroxide, the 
formation of which is the most outstanding property of the metal. 

The earliest attempt to determine the atomic weight of osmium was 
made by Berzelius,® who analyzed potassium chloroosmate, K,OsCl,, 
ind obtained the value 198.94 from the ratio Os:2 KCl. 

Seubert,‘ 60 years later, undertook to make careful analyses of potas- 
slum chloroosmate and of ammonium chloroosmate, (NH,)2 OsCl,, 





, submitted as partial fulfillment of the requirements for the degree of doctor of philosophy, The Johns 
PKins U niversity, June 1922. 

, nithson Tennant, Phil. Trans., vol. 94, p. 411, 1804. 

i, J. Be rzelius, Ann. Physik (Pogg.), vol. 13, p. 530, 1828, 
K. Seubert, Ber., vol. 21, p. 1839, 1888; Ann., vol, 261, p. 258, 1891. 
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and it is upon his experiments that the value of the atomic 
weight was based which has appeared in the International Table of 
Atomic Weights for many years. Seubert used the ratios (NH,) 
OsCl,:Os; 6AgCI:(NH,)20sCl,; K,OsCl,:Os; K: 2OsCl,:2 KCl; and 
4 AgCl:K,OsCl,. The v ralues obtained for the atomic weight range 
from 190.27 to 192.22 when recalculated on the basis of the Interna- 
tional Table of Atomic Weights for 1932. The value calculated fro; 
Seubert’s experiments on the osmium content of ammonium chloroos- 
mate is 191.24. 

In the last 41 years only one published account of new work on the 
atoic mweight of osmium has appeared, that of Seybolds, describing 
the determination of the osmium content of ammonium chloroosmate. 
The value calculated from a set of three experiments is 191.09, while 
that from five other experiments is 189.33. 


II. PREPARATION OF PURE OSMIUM 
1. EXTRACTION OF OSMIUM FROM CRUDE MATERIAL 


The osmium used in the experiments reported in this paper was 
obtained from two sources. That used in ammonium chloroosmete, 
Series VI, was obtained from one of the platinum companies, while 
that used in the other experiments was recovered from the osmiridium 
residues from grain platinum. 

The crude material was fused with sodium hydroxide and sodium 
nitrate in a gold dish. The aqueous extract of this melt was acidified 
with nitric acid and distilled. The osmium tetroxide thus obtained 
was absorbed in a 10 per cent solution of sodium hydroxide and again 
distilled as just described. The remaining platinum metals, ® under 
these conditions, do not appear in the distillate. The osmium was 
recovered by electrolysis from the alkaline solution, into which the 
tetroxide had been distilled the second time, using platinum electrodes. 
The osmium separated at the cathode as a blac :k, loosely adherent 
deposit which, according to Moraht and Wischin,’ is the dioxide. 
The precipitated material was washed as free from alkali as possible, 
dried, and ignited to metal in hydrogen. Spectrographic examination 
of the metal thus obtained showed that it was free from the other 
platinum metals, but that it did contain traces of sodium and of iron 


2. PURIFICATION OF THE OSMIUM 


In considering possible reactions feasible for the preparation of pure 
osmium, it appeared highly desirable to employ volatile reagents 
The reaction between osmium tetroxide and hydrochloric acid had 
been studied by Milbauer,® who observed that osmium tetroxide was 
decomposed by concentrated hydrochloric acid at room temperature 
with the evolution of chlorine. Ruff and Mugdan,® however, using 
acid of specific gravity 1.124, stated that the reaction reported by 
Milbauer did not take place. A few years later, Remy” made 
careful study of the reaction at room temperature and concluded the! 
the reaction depends considerably upon the concentration of the 





‘ F. Seybold, Inauzural-Dissertation, 1912, Friederich-Alexanders Universitit, E LPabaeON n. 
° R. Gilchrist, B. S. Jour. Research, vol. 6, p. 421, 1931. 
7H. Moraht and C. Wischin, Z. anorg. C hem., vol. 3, p. 153, 1893. 
‘J. Milbauer, J. prakt. Chem. (2), vol. 96, p. 187, 1917. 
* O. Ruff and S. Mugdan, J. prakt. Chem. (2), vol. 98, p. 143, 1918. 
10 H. Remy, J. prakt. Chem. (2), vol. 101, p. 341, 1921. 
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hydrochloric acid. He found that with hydrochloric acid of specific 
opavity greater than 1.160 the osmium tetroxide was decomposed with 
appreciable velocity, with the evolution of chlorine. He further found 
that the osmium was converted to the quadrivalent state and not to 
the bivalent, as asserted by Milbauer. Krauss and Wilken" later 
substantiated Remy’s conclusion regarding the quadrivalent state. 

In a recent study by Crowell” of the reaction between octavalent 
osmium and hydrobromic acid at 100° C., it was found that the 
products formed are quadrivalent osmium and bromine and that an 
equilibrium is reached. It was also found that in concentrated 
hydrobromic acid (about 8 normal) the reaction goes to practical 
completion in the direction of the formation of quadrivalent osmium 
and bromine, while in dilute acid solutions (about 0.1 normal) the 
reaction goes to completion in the reverse direction. 

In 1920, previous to the appearance of Remy’s paper, the author 
observed that reaction occurred when a mixture of osmium tetroxide 
and 20 per cent’ hydrochloric acid (constant-boiling acid) was 
heated to incipient boiling and that the presence of a small quantity 
of ethyl alcohol assisted in the decomposition of the tetroxide. After 
about three hours the odor of osmium tetroxide disappeared and the 
solution, which had gradually turned deep brown in color, became 
reddish yellow and transparent. This solution, when evaporated to 
sirupy consistency, appeared to suffer no decomposition. Ammonium 
chloride, added to an acid solution of the sirupy residue, precipitated 
the brick red ammonium chloroosmate, (NH,),OsCl,. Ignition of the 
precipitate in hydrogen produced metallic osmium in the spongy 
form. It was further observed that the reaction between osmium 
tetroxide and 20 per cent hydrobromic acid proceeded with greater 
ease and rapidity than that between osmium tetroxide and hydro- 
chloric acid. Considerable bromine was produced. Enough alcoho! 
vas added just to destroy the bromine vapor in the refluxing flask. 
The resulting solution was deep brown in color and likewise appeared 
to suffer no decomposition on evaporation to a sirup. Ammonium 
bromide precipitated the deep brownish black ammonium bromo- 
osmate, (NH,),OsBr,y, from an acid solution of the sirupy residue. 

The osmium metal obtained by reduction of the product of electroly- 
sis previously described was converted in turn into osmium tetroxide, 
chloroosmie acid, ammonium chloroosmate, and osmium sponge as 
will be described in detail in connection with the preparation of the 
compounds for analysis. This cycle of operations was repeated twice, 
using purified reagents. The resulting metal was found on spectro- 
graphic examination to be free from impurities and was used in the 
inal preparation of the compound ammonium chloroosmate. 


III. PREPARATION OF REAGENTS 


Hydrochloric acid.—Chemically pure hydrochloric acid of commerce 
specific gravity 1.18) was diluted with an equal volume of distilled 
water and distilled three times from a ground-glass stoppered Pyrex 
| eee Rte . Sr = A ; 
flask whose side arm extended a considerable distance into the tube 
oiacondenser. In each case the first and last fractions were discarded. 
'F. Krauss and D. Wilken, Z. anorg. allgemn. Chem., vol. 137, p. 349, 1924. 
 W. R. Crowell, J. Am. Chem. Soc., vol. 54, p. 1324, 1932. 

“ Here and elsewhere in this paper the percentage of acid is percentage by weight. 
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Bromine and hydrobromic acid.—Chemically pure bromine of com- 
merce was purified by the procedure described by Baxter and 
Grover.* Hydrobromic acid was prepared by reducing bromine with 
hydrogen in the presence of a catalyst consisting of pumice impreg- 
nated with platinum. The hydrogen was produced by electrolysis in 
a cell described later. The first portion of the hydrobromic acid was 
discarded. The remainder was dissolved in water and distilled once, 

Ammonium chloride—Ammonium hydroxide, which had_ been 
freshly prepared by saturating distilled water with ammonia from a 
cylinder of liquid ammonia, was gently heated and the ammonia con- 
ducted into the purified hydrochloric acid until the acid was neutral- 
ized. A slight excess of acid was then added to the solution of 
ammonium chloride. 

Ammonium bromide-—Ammonium bromide was prepared in the 
same manner as the ammonium chloride. 

Alcohol.—Ethy] alcohol of commerce (95 per cent) was allowed to 
remain in contact with lime for several days, after which it was 
distilled three times. The first and last portions from each distillation 
were discarded. 

Water.—In the preliminary work, the water used was purified by 
distilling from an alkaline permanganate solution and then from a 
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FicureE 1.—Apparatus for the preparation of osmium tetroxide 


dilute sulphuric acid solution, using a Pyrex distilling flask and a 
block-tin condenser. The preparation reported as ammonium 
chloroosmate, Series VI, was likewise made with water thus prepared. 
In the other three preparations reported, the water used was that 
which was regularly supplied to the chemical laboratories at the 
Bureau of Standards from a still by a pipe of block tin. This water 
gave no test for halides and had a specific conductance of about 
1X10~* reciprocal ohm at room temperature. 


IV. PREPARATION OF AMMONIUM CHLOROOSMATE 


Preparation VI.—Osmium, which had been prepared from the 
material obtained from one of the platinum companies as described in 
Section II, was converted to osmium tetroxide by heating it in a 
current of oxygen. Figure 1 shows the apparatus used. A bottle, 4, 
containing water, served to indicate the flow of oxygen. A tube, 8, 
of combustion class, having a diameter of about 2.5 cm, was bent at 
an angle and the end inserted into a Pyrex flask w hich contained 
purified constant-boiling hydrochloric acid. The flask and contents 
were cooled by immersion in crushed ice in order to prevent too great 
a loss of osmium tetroxide. The combustion tube was heated by a 








144 G. P. Baxter and F. L. Grover, J. Am. Chem. Soc., vol. 37, p. 1029, 1915. 
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12-inch Hoskins electric furnace of the split type. When heated to a 
temperature of from 220° to 230° C. the osmium, contained in por- 
celain boats, absorbed oxygen rapidly and reached a glowing tempera- 
ture. This rapid absorption of oxygen was repeatedly observed and 
probably indicated the formation of osmium dioxide. As the temper- 
ature was raised the oxidized osmium was converted to tetroxide 
which condensed to a pale yellowish mass, as well as to white crystals, 
in the cooler portion of the combustion tube. Gentle warming of the 
tube with a flame loosened the solidified tetroxide, while a jet of hot 
hydrochloric acid solution from a wash bottle completely removed 
all tetroxide from the tube as it was lifted from the flask. 

The contents of the flask, consisting of osmium tetroxide and 
hydrochloric acid, were quickly transferred » to a refluxing flask to 
which a water-cooled condenser was attached by a ground:joint. A 
U tube containing a solution of sodium hydroxide was attached to the 
top of the condenser to prevent the escape of any tetroxide vapor. 
A quantity of purified constant-boiling hydrochloric acid, four times 
the amount necessary to form chloroosmic acid, H,OsCl,, was added 
to the refluxing flask. From 3 to 5 ml of purified alcohol was added, 
and the mixture gently heated for one hour. During this time the 
color changed from faint yellow to deep brown. As heating was 
continued, droplets of osmium tetroxide gradually ceased to appear 
on the walls of the flask and the solution finally became reddish 
yellow in color and transparent. The total time of heating was about 
three hours, during the last hour of which the solution was kept at 
incipient boiling. The solution of chloroosmic acid which had been 
formed was evaporated to a sirup on the steam bath. On cooling, 
the sirupy solution solidified to a mass of crystals. These crystals 
were dissolved in purified constant-boiling hydrochloric acid and the 
resulting solution diluted with water so as to form a solution contain- 
ing 4 per cent of osmium and 7 per cent of hydrochloric acid. This 
solution was filtered first through hardened paper, in a Gooch crucible, 
and then through blue ribbon paper (S. and S. No. 589). 

A 15 per cent solution of purified ammonium chloride, in slight 
excess, Was added slowly to the constantly stirred solution of chloro- 
osmic acid at room temperature. The precipitate of ammonium 
chloroosmate, brick red in color, was caught on a hardened filter in 
a Gooch crucible and washed with a 15 per cent solution of purified 
ammonium chloride until the wash waters were colorless. The 
ammonium chloroosmate thus prepared was recrystallized by making 
a saturated solution of the compound in a solution containing 7 per 
cent of hydrochloric acid at about 90° C. The hot saturated solution 
was quickly filtered through a hardened filter and cooled to about 
5° C. while being stirred. The supernatant liquid was decanted and 
the crystals of ammonium chloroosmate stirred with several portions 
of 7 per cent hydrochloric acid. The crystals were then caught on a 
hardened filter, in a Gooch crucible, drained by suction, washed with 
a dilute solution of hydrochloric acid, and finally washed with puri- 
lied alcohol. The crystals were drained free from alcohol, spread on 
i watch glass and dried in a partially evacuated desiccator contain- 
ing phosphorus pentoxide. The dried salt was thoroughly mixed 
by grinding in an agate mortar and kept in a desiccator until used. 





t "It is, perhaps, needless to mention that an operation of this kind should be conducted with care and that 
4 is preferable to wear a mask to prevent the vapor of the tetroxide from attacking the eyes, nose, and 
throat of the operator. 
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Preparation VII.—Osmium, which had been prepared from 
osmiridium residues from grain platinum as described in Section II, 
was converted into chloroosmic acid. A solution of the chloroosmic 
acid was made which contained 1.5 per cent of osmium and 1.7 per 
cent of hydrochloric acid. This solution was slowly added, at room 
temperature, to a dilute solution (approximately 2 per cent) of puri- 
fied ammonium chloride which was constantly stirred, according to 
one of the procedures used by Archibald * in the preparation of 
ammonium chloroplatinate. The precipitate of ammonium chloro- 
osmate was not recrystallized, but was washed, dried, and mixed as 
described under Preparation VI. 


V. PREPARATION OF AMMONIUM BROMOOSMATE 


Preparation VI.—The ammonium bromoosmate was made from 
the osmium sponge” resulting from the analyses of ammonium 
chloroosmate. The source of the osmium was the osmiridium resi- 
dues from grain platinum. This osmium was first converted into 
tetroxide as previously described, then into bromoosmiec acid, ammo- 
nium bromoosmate, and again into metal using purified reagerts. 
The metal prepared by this cycle of reactions was again converted 
into bromoosmic acid. The resulting solution of bromoosmic acid 
was evaporated to a sirup on the steam bath, then evaporated twice 
more with 20 per cent hydrobromic acid. The crystalline mass was 
dissolved in 20 per cent hydrobromic acid and diluted with water to 
form a solution containing 1.5 per cent of osmium in 7 per cent of 
hydrobromic acid. This solution was filtered twice through filter 
paper (S. and S. No. 589, blue ribbon). <A 2 per cent solution of puri- 
fied ammonium bromide, in slight excess, was added slowly to the 
constantly stirred solution of bromoosmic acid at room temperature. 
The precipitate of ammonium bromoosmate, deep brownish black in 
color, was caught on a hardened filter and washed with a 15 per cent 
solution of ammonium bromide until the wash waters were colorless. 
The compound thus prepared was recrystallized by making a saturated 
solution of it in a solution containing 15 per cent of hydrobromic acid 
at about 90° C. The hot saturated solution was quickly filtered 
through a hardened filter and cooled to about 10° C. while being 
stirred. The supernatant liquid was decanted and the crystals 
washed with 7 per cent hydrobromic acid. The crystals were then 
caught on a hardened filter, in a Gooch crucible, drained by suction, 
washed with a dilute solution of hydrobromic acid and finally washed 
with purified alcohol. The crystals were drained free from alcohol 
and dried over phosphorus pentoxide. The dried salt was then 
thoroughly mixed by grinding it in an agate mortar and kept in 4 
desiccator over phosphorus pentoxide until used. 

Preparation VII.—This preparation was made from another por- 
tion of the same sponge as Preparation VI and in the same manner 
except that the compound was recrystallized from 10 per cent hydro- 
bromic acid. 


16 E. H. Archibald, Proc. Roy. Soc., Edinburgh, vol. 29, p. 721, 1908-9. q Fae ' 
17 A portion of this sponge was used by Meggers to measure the spectral lines ofosmium, W. F. Meggers, 
Arc Spectra of the Platinum Metals, B. 8. Sci. Papers No. 499, Jan. 23, 1925, 
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VI. DETERMINATION OF THE OSMIUM CONTENT OF 
AMMONIUM CHLOROOSMATE AND OF AMMONIUM 
BROMOOSMATE 

1. APPARATUS 


The apparatus used in determining the osmium content of the prep- 
arations Just described is shown in Figure 2. It consisted of an elec- 
trolytic cell for the generation of hydrogen; two series of scrubbing 
and drying towers; and a reaction tube, electrically heated. 

The electrolytic cell was equipped with platinum electrodes and 
contained a dilute solution of potassium hydroxide. An electrically 
heated porcelain combustion tube, containing asbestos and quartz 
both impregnated with palladium, was inserted in the line to convert 
to water any oxygen which might have diffused into the hydrogen 
chamber of the cell. The series of five towers for the purification of 
the hydrogen contained silver sulphate, sulphuric acid which had 
previously been heated to heavy fumes, soda-lime, sulphuric acid, 
and phosphorus pentoxide which had been sublimed into the tower. 
Glass beads were used in all liquid towers, and several layers of beads 
were used in the soda-lime tower. 

The nitrogen was the commercial gas produced by the fractionation 
of liquid air. The method used to remove the small amount of oxygen 
present was based upon the experiments of Badger, ' who found that 
a solution of ammonium hydroxide (1 volume of ammonium hydrox- 
ide, specific gravity 0.90, diluted with 1 volume of water), when satu- 
rated with ammonium chloride and kept in contact with metallic 
copper, absorbed oxygen quantitatively. In order to insure the com- 
plete removal of oxygen a tube 6 feet in length, containing copper and 
the ammoniacal solution, was placed between the wash bottle and the 
lirst tower, which also contained the same solution. The second 
tower in this series contained 50 per cent sulphuric acid to absorb 
ammonia. The last five towers were similar to the set of towers 
described for the purification of hydrogen. 

The reaction tube of combustion glass was fitted to the purification 
train by a carefully ground joint. Two U tubes, containing glass 
beads and sulphuric acid, sealed the exit of the reaction tube. The 
Hoskins electric furnace which was previously mentioned was used 
to heat the reaction tube. At a few places in the apparatus where 
it was not possible to make sealed-glass connections, the ends of the 
ngid tubes were held flush by rubber tubing. A heavy coating of 
De Khotinsky cement was then applied so that the rubber tubing was 
completely covered. In order to make certain that no oxygen reached 
the reaction chamber, either from the hydrogen or from the nitrogen, 
these gases were alternately passed through the heated tube in the 
presence of spongy metallic osmium. A tube containing phosphorous 
pentoxide, attached directly to the reaction tube, indicated no for- 
mation of water. 


2. BALANCES, WEIGHTS, AND WEIGHING 


The experiments on ammonium chloroosmate, Series VI, were made 
at The Johns Hopkins University. The balance used in these experi- 
ents was a new analytical balance known as Ainsworth QA. 

The experiments on ammonium chloroosmate, Series VII, and on 
immonium bromoosmate, Series VI and VII, were made at the 





*W.L. Badger, J. Ind. Eng. Chem., vol. 12, p. 161, 1920. 
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Bureau of Standards. The balance used in these experiments was 
made by Ruprecht,’® of Vienna, and was designed to carry a maximum 
load of 1 kg on each pan. This balance was inclosed in a case of 
blackened copper which served as a radiation screen. The weights 
used were carefully calibrated by the Bureau of Standards just 
previous to use. 

Two glass weighing tubes of nearly the same size and weight, each 
fitted with a ground-glass stopper, were used. The boats were of 
porcelain. Weighing was done by the method of substitution, the 
vessels being allowed to remain in the balance case for three hours 
previous to weighing. 

3. ANALYSIS 


One is led to infer that Seubert * dried his compounds only over 
phosphorous pentoxide in a desiccator. Seybold,” cognizant of Seu- 
bert’s procedure, in addition heated his preparations at 105° C., most 
likely in air so far as one is able to tell from his description. 

Archibald,” in the analysis of ammonium chloroplatinate and of 
ammonium bromoplatinate, found that the purest samples which he 
was able to prepare began to decompose slightly at a temperature 
above 185° C. and that all hydrochloric acid and hydrobromic acid 
seemed to be driven off below 150° C. 

With ammonium chloroosmate and ammonium bromoosmate it was 
found that slight decomposition occurred, in an atmosphere of dry 
purified nitrogen, if the temperature was above 170° C. At tempera- 
tures up to 150° C. no evidence of decomposition was observed. In 
experiment No. 1, ammonium chloroosmate, Series VII, the sample 
was heated for three 2-hour periods at 156° to 160° C. There was no 
change in weight during the second and third heating periods. When 
the temperature was raised to 166° to 170°, however, a faint white 
subimate was formed and the sample continually decreased in 
weight. A solution of the sublimate in water gave a precipitate with 
silver nitrate. The weight recorded for the sample was that obtained 
at 156° to 160° C. These same temperature limits were also observed 
with ammonium bromoosmate. 

Experiments previously made on other preparations, in which the 
drying was done at about 175° C., gave values for the atomic weight 
about 0.5 of a unit higher than those reported here. These values 
must be in error for the reason stated above and were rejected. 

In the experiments reported here, the samples taken for analysis 
were dried to constant weight in a current of dry purified nitrogen. 
The samples in Series VI, ammonium chloroosmate, were dried from 
3 to 5 hours at 140° to 145° C. Those in Series VII, ammonium 
chloroosmate, with the exception of No. 1 discussed above, were dried 
from 4 to 7 hours at 145° to 150° C. The samples in Series VI, 
ammonium bromoosmate, were dried from 10 to 14 hours at 150°, 
while in Series VII the first sample was dried for 14 hours at 145° 
and the second for 12 hours at 150° C. During the heating of the 
sample in experiment No. 2, ammonium chloroosmate, Series VII, a 
tube containing phosphorous pentoxide showed no increase in weight 
after the first heating period of 3 hours, although the sample was 
heated during two additional periods of 2 hours each. 


—_—_—,. 





"W. A. Noyes, Bulletin of the Bureau of Standards, vol. 4, p. 179, 1907. 
~ See footnote 4, p. 279. 

” See footnote 5, p. 280. 

4 See footnote 16, Dp. 284. 
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The decomposition of the compounds was accomplished as follows: 

The porcelain boat with its contents was placed in the reactio; 
tube. The tube was swept with dry purified nitrogen for one hour. 
The nitrogen was displaced by pure dry hydrogen for one and one-hal! 
hours, at the end of which time the temperature of the tube was 
gradually raised. When the decomposition appeared to be complete, 
the temperature was increased to 700° to 725° C. and maintained at 
this point for two hours. While at this temperature the hydrogen 
was displaced by dry purified nitrogen for one hour. The boat, now 
containing metallic osmium, was allowed to cool to room temperature 
in nitrogen, the furnace having been removed. The boat was placed 
in the glass-stoppered weighing tube and allowed to remain in th 
balance case for three hours before being weighed. 

This procedure for the very gradual decomposition of the osmium 
compounds had been found, in previous experiments, to give a metal 
sponge which remained constant in weight upon reignition in hydro- 
gen. No mechanical loss of material could be detected during the 
decomposition. With the exception of four instances where the 
metal sponges were returned to the cleaned reaction tube for an addi- 
tional heating period of three hours in hydrogen at 700° to 725° C. 
the weights recorded in this paper were those obtained after the 
above treatment. The metal sponges in experiments Nos. 1 and 2 
ammonium chloroosmate, Series VII, lost 0.00091 and 0.00051 g, 
respectively, on reheating in hydrogen. In these two cases the time 
of the first reduction had been cut somewhat short owing to the lat 
hour of the night, so that all traces of volatile matter had apparently 
not been completely eliminated. The weight of the metal sponge in 
experiment No. 2, ammonium bromoosmate, Series VI, remaine: 
unchanged on reheating, while that in experiment No. 2, ammoniun 
bromoosmate, Series VII, lost 0.00006 g. The weights recorded fo 
these four sponges were those after the second heating period. 

It had been repeatedly observed that metallic osmium, which had 
been ignited and cooled in hydrogen, was rapidly attacked by the 
air with the formation of osmium tetroxide. When the reaction tube 
was opened, the surface of the metal sponge usually glowed and a dis- 
tinct odor of the tetroxide was noticeable. When the atmosphere o! 
hydrogen was displaced as described in the experiments reported 
here, no odor of osmium tetroxide was detected either on opening the 
reaction tube or several days later when the boat was finally removed 
from the weighing tube. The limiting quantity of osmium tetroxide 
which von Wartenberg* could detect by the sense of smell was 
2X 10° mg/cm. 


l 
T 
i 


4. DENSITIES OF THE SUBSTANCES WEIGHED 


In order to reduce the weights obtained to vacuum, the densities 
of the two osmium compounds and of the resulting osmium sponge 
were determined at 25° C. by displacement of toluene which haé 
been dried and redistilled. 

Two determinations of the density of ammonium chloroosmatt 
were made, using 6.2303 and 8.7552 g of the compound. The a 
found were 2.941 and 2.908 g/em*. The average value was 2.93 g/¢ 

Two determinations of the density of ammonium Scoatammeals 
were made, using 10.2161 and 10.5552 g of the compound. The 





33H. von Wartenberg, Ann., vol. 440, p. 97, 1924. 


Vol. 9 


Ws: 
103 
Ww 
al! 
Was 
te, 
| at 
ven 
OW 
ure 
Cad 


the 


1es 
ge 
a 
ad 


Gilchrist] Atomic Weight of Osmium 289 


values found were 4.102 and 4.084 g/em*®. The average value was 
1.09 g/cm’. ; 

One determination of the density of the osmium sponge was made, 
using 6.7478 g. The value found was 19.13 g/cm’. 

A correction of +0.00026, +0.00014, and —0.00009 g was applied 
to each gram of ammonium chloroosmate, ammonium bromoosmate, 
and osmium sponge, respectively. 


5. RESULTS 
The results of the determinations are given in Tables 1 and 2. 


TaBLeE 1.—Results of the analysis of ammonium chloroosmate 
’ Liat BITRE T cts een ee re See 

| Experi- gta of volo | recon y 

F se | mium in| © 


| 

ment : 
vacul } osmiu 

No. | in vacuum | vacuum | mium | 


|} Atomic 
weight 


g ie 
3.81131 | 1.65758 | 43. 491 | 
NHy)29sCls, Series VI |; 2 | 3. 46016 | 1.50505 | 43. 496 
3 | 1.11090 | .48320| 43. 497 | 


| 43.495 


7.80602 | 3.39547] 43.499 | 
RR See? be 7.21775 | 3.13949} 43. 496 | 
VH;)20sCle, Series VII 7 04888 3 06644 | 43, 502 | 
7.54170 | 3.27946 | 43. 484 | 


| nn 
| | 
| | 43.495 


TABLE 2.—Results of the analysis of ammonium bromoosmate 


| sight | 

| Experi- | Weight of a | Percent-| atomic 

1 r leOs moles Oe “4 ae 

| ment (NH,4)2OsBre mium in | | 98¢ of weight 
| 


No | in vacuum | Voouum | SSmium | 


| 
| 





gq | | 

1. 58647 | 27. 091 

NH,)2,OsBre, Series VI... --- a tA}. 5.59080 | 1. 51471 27. 093 | 
| 3.91834 | 1.06117 | 27.082 

| 27. 089 

| 

4.98331 | 1.35016 | 27.093 | 





NH,)2OSBre, Series VII...--- ou) ey , 4, 53546 1.22899 | 27.097 
| 7.005| 191.61 


The average percentage of osmium in ammonium chloroosmate, 
combining the results of the two series, was 43.495. The average 
percentage of osmium in ammonium bromoosmate, again combining 
the results of the two series, was 27.091. Using the values 

N14. 008 

H 1. 0078 

Cl 35.457 

Br 79.916 
the ratio (NH,),OsCl,: Os yields the value 191.53 for the atomic 
Weight while the ratio (NH,),OsBr,: Os yields 191.57. The weighted 
average value is 191.55. 


VII. DISCUSSION OF RESULTS 


It is recognized that complex compounds of the platinum metals, 
of the type considered here, sometimes undergo a change of com- 
position through hydrolysis. Such is known to be the case with 
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potassium chloroplatinate when formed under the conditions which 
obtain in the usual analytical separation of potassium from sodium. 
The change of composition comes about through the partial replace. 
ment of halogen by the hydroxyl group. The effect of such a change 
would be to raise the percentage of osmium and hence the apparent 
atomic weight. Except by accidental compensation the effect would 
be to produce a divergence in the values of the atomic weight cal- 
culated from similar ratios on analogous compounds. The probability 
that such change occurred in the compounds examined here is held 
to be highly unlikely, since the compounds were precipitated and 
recrystallized from solutions containing varying quantities of acid, 
and the value of the atomic weight as calculated from one compound 
agrees so closely with that calculated from the other analogous 
compound. 

No impurities were detected in the metallic osmium used to pre- 
pare the compounds for analysis. The compounds were made by 
using only volatile reagents. 

In the present work the samples of ammonium chloroosmate and 
of ammonium bromoosmate were dried to constant weight at tem- 
peratures of 140° to 150° C. A loss of weight was always observed 
in the first drying period when the salts, which had merely been 
desiccated over phosphorus pentoxide, were heated at 140° to 150° C. 
No evidence of decomposition was detected below 170° C. The proba- 
bility that the compounds so treated still retained significant amounts 
of volatile impurities is held to be unlikely because of the close agree- 
ment of the values of the atomic weight calculated from the two 
ratios. The net effect of such impurities would be, of course, to 
lower the percentage of osmium and hence the apparent atomic 
weight, but a divergence in the ratios would result unless the relative 
amounts of the impurities in the two compounds happened to be 
such as to compensate for it. 

The decomposition of the compounds in hydrogen was accomplished 
so gradually that the possibility of mechanical loss appears improbable. 

The formation of only volatile products upon decomposition and 
the constancy of weight of the resulting metallic osmium, when heated 
in hydrogen at an elevated temperature, make it highly improbable 
that any impurity contaminated the final metal. The removal of 
hydrogen at an elevated temperature by nitrogen undoubtedly pre- 
vented the attack of the metal sponge by atmospheric oxygen during 
the time necessary to make the weighings. 

The identical agreement of the average determinations of the 
osmium content of the two preparations of ammonium chloroosmate, 
when different quantities of the substances were taken and when 
different balances were used, makes it improbable that significant 
errors were introduced in weighing. 
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“MOISTURE EXPANSION ” OF CERAMIC WHITE WARE 
By R. F. Geller and A. S. Creamer 


ABSTRACT 


This report supplements the reports of a number of investigations of “‘moisture 
expansion.”’ ‘The relative susceptibility of various materials, individually and as 
consitituents of bodies, was studied, as was also the effect of the temperature to 
hich the specimens had been heated. The relative susceptibility to moisture 
expansion of the principal ingredients of ceramic bodies appears to be approxi- 
nately as follows: Fused feldspar, 2.4; calcined clay, 0.40; unfused feldspar, 0.20; 
calcined flint, 0.06. The expansion caused by reaction with moisture may be 
decreased at temperatures as low as 120° C. The removal of the moisture is 
rlatively sluggish at 120° C., proceeds faster as the temperature is raised, and 
apparently may be completed at 250° C. The marked difference is susceptibility 
to moisture expansion of fused and unfused feldspar has an important effect on 
ceramic bodies. The data indicate that at temperatures below approximately 
“cone 8”? and absorptions above 10 per cent the ratio of fused to unfused feldspar 
is the predominating factor determining the resistance to moisture expansion 
while at higher temperatures and lesser absorptions the relative absorption is the 
predominating factor. The data obtained offer no evidence regarding the nature 
f the reaction involved. 


CONTENTS 


I. Introduction 
II. Materials and methods 
i, AOC CORE Go oe heen cen aoe ce ae scape ome 
2. Experimental bodies 
3. Individual materials 
III. Results 
1. Commercial bodies 
(a) Moisture expansion of unautoclaved specimens 
(b) Moisture expansion of autoclaved specimens 
(c) Effect of various drying treatments on the length of 
autoclaved specimens 
2. Experimental bodies 
(a) Effect of composition, heat treatment, and 
absorption on moisture expansion 
8. Individual materials 
(a) Relative reaction to moisture 
(b) Effect of particle size 
(c) Petrographic examinations 
oe 4. Nature of reaction termed moisture expansion 
IV. Conclusions 


I. INTRODUCTION 


This report supplements the reports of many investigations ' which 
have been made during the past six years on the general subject of 
moisture expansion or expansion due to the action of water. It was 
undertaken primarily to determine which of the usual constituents of 
white-ware bodies are most susceptible to moisture expansion. 


|G. E. Merritt and C. G. Peters, J. Am. Ceram. Soc., vol. 9 (6), p. 332, 1926; H. G. Schurecht, vol. 11 
»), D. 271, 1928, and vol. 12 (2), p. 118, 1929; H. G. Schurecht and G. R. Pole, vol. 12 (9), p. 596, 1929; R. G. 
Mills, vol. 13 (12), p. 903, 1930; H. H. Holscher, vol. 14 (3), p. 207, 1931; H. G. Schurecht and G. R. Pole, 
Vol. 14 (4), p, 313, 1931, and B. S. Jour. Research, vol. 3 (RP98), August, 1929; O. S. U. Eng. Exp. Sta. Cir. 
Nos. 18, J. Otis Everhart, and 22, H. H. Holscher. 901 
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II. MATERIALS AND METHODS 


1. COMMERCIAL BODIES 






























Dinner plates of the same quality as supplied regularly to the trade. 
and representing the product of 16 manufacturers of earthenware. 
were available for the study of commercial bodies. The specimens 
for water-absorption determinations were irregularly shaped pieces 
broken from the plates and tested without remov ing the glaze, using 
three specimens of each brand. The determinations were made by 
the so-called 5-hour boiling test in accordance with the method pre. 
scribed in Federal specification No. 243a for vitrified chinaware. 
Indirect moisture-expansion measurements were made by means of 
the interferometer according to the method described by Schurecht: 
These indirect measurements are based on the assumption that th 
difference in total thermal expansion obtained at 400° C. (or at ¢ 
higher temperature) in the first and second tests of specimens which 
have had the opportunity of reacting with moisture, either during 
prolonged storage or in an autoclave, is a measure of the moisture 


expansion. 
2. EXPERIMENTAL BODIES 


The compositions of the experimental bodies, together with the 
heat treatment received, are given in Table 1 and in part A, Table 2. 
The potter’s flint and the feldspar (No. 3)* were composed 
of particles varying in size from 10y to SQu, the separation from 
coarser and finer particles having been made by means of a No. 325 
United States standard sieve and an air elutriator.*| The clay (Geor- 
gia kaolin) was not sized in the elutriator because it ‘‘balled”’ in the 
apparatus and made the separation of any particular range of particle 
sizes impracticable. 

The mixtures were made into specimens 6 inches long and one-half 
inch in diameter. The extrusion method was used to form the speci- 
mens of bodies containing clay, while the flint-feldspar series, con- 
taining gum tragacanth as a binder, were tamped. The specimens 
which had been heated as described in section B, Table 1, were 
dried at 115°+5° C., weighed, measured, and autoclaved at 15) 
lbs./in.? steam pressure (183° C.) for one and one-half hours while 
submerged in water. They were then removed from the autoclave, 
reweighed and remeasured before and after drying (constant in weight 
to 0.01 g) at 115°+5° C. and at 270°+5° C. to determine changes 
in weight and length due to these drying treatments. The absorption 
was taken as the percentage gain in weight during the autoclave treat- 
ment. The changes in length resulting from the autoclave treatment 
and subsequent drying were measured by means of a comparator 
using a graduated invar bar as reference.’ Reference points in the 
specimens were obtained by cementing capillary Pyrex glass tubes in 
small holes approximately 12 cm apart, using a hydraulic high ee 
cement. The precision in these length measurements was found to be 
approximately + 0.01 per cent of the length measured. Room temper- 





2H. G. Schurecht, J. Am. Cer. Soc., vol. 11 (5), p. 271, 1928. 

3H. Insley, J. Am. Cer. Soc., vol. 10 (9), p. 651, 1927. 

4J. C. Pearson and W. H. Sligh, B. 8. Tech. Paper No. 48. 

5 This method of determining water absorption is believed to be fully as effective as the 5-hour boili! 
method because it has been shown by the authors that a 10-hour autoclave treatment at 150 Ibs./in. + steail 
pressure is as effective as 240 hours boiling. See B. 8. Tech. News Bull. No. 167, March, 1931. 

6 J. C. Pearson, J. Am. Concrete Inst., 1921. 
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atures were noted at all readings, but did not vary sufficiently to 
justify correcting the measurements for this factor. 


TABLE 1.—Experimental bodies and heat treatments 


A. BODIES 
(Three specimens of each mixture for each heat treatment} 








Series A | Series B Series € | Series D 
| | 
bl o> Bia adil 0°45 elk i ek ee ee a ee i 
sé 4 4 «¢ | | No. 3 lR | : er — . | se | -e 
Body | punt | Feld- | BO€Y| cay | Feld- | 8949] Ciay | Flint | B°¢Y| Clay | Flint | Pad. 
No. 4 No. | No. | No. | i 
spar | } Spar | } | | | spar 
j | } | 
—viprerste heinpines-heo-bnedtoersnt anmiee netted} 
Per cent) Per cent IP er ie cent} Per cent| Per cent |Per cent| Per cent) Per cen! 
4 80 | 20 | Bl | 80 | yy os be | 80 20 | D1-- | 20 | 40 | 40 
4) 60|/ 40] B2 60; 40/C2.--| 60} 40/D2-} 40] 30] 30 
A3 50 | 50 | B3 | 50 | 50 | C3 | 50 | 60 | D3_--| 50 | 25 | 25 
44 40 60 | B4_--_| 40 | 60 | C4 40 | 60 | D4_--| 60 | 20 | 20 
4 20 | 80 | B5_._| 20 | 80 | C5 | 20 | 80 D5. --| 80 | 10 | 10 


B. HE AT TRE ATMENT 


Series A ( fiint-feldspar) 
“Series B (clay: “feldspar) 
Fired to cones: 02 2 4 6 8 10 12 14 16 18 
Series C (clay-flint) 














Series D (clay-flint-feldspar) 
3. INDIVIDUAL MATERIALS 


The individual raw materials included: (a) Feldspars Nos. 3 and 18; 
b) pulverized quartz obtained by crushing a sample of standard 
Ottawa sand; (c) w ashed kaolin from Georgia containing about 4 per 
cent of impurities, such as mica and quartz; (d) two samples of 
lepidolite; 7 (e) Cornwall stone as supplied to the pottery trade; and 
f) Lemoor china clay. Three samples of the china clay were avail- 
able: (a) The original clay; (b) a gr anular separate containing particles 
larger than 1p in diameter: and (c) a “colloidal” separate containing 
particles less than ly in diameter.’ With the exception of the 
feldspar and the Lemoor china clay used in the determination of the 
effect of particle size, each of the individual materials tested as 
powders was heated at approximately 1,225° C.° in a small gas-fired 
furnace, cooled rapidly, and crushed to pass a No. 120 United States 
standard sieve. It is realized that differences in particle size (or ratio 
of surface to unit weight) introduce an unmeasured variable which 
may lessen appreciably the significance of the values. For this reason 
the materials were ground with a mortar and pestle and sieved 
repeatedly as the grinding progressed so as to produce a minimum of 
ines. 





’ The following chemical compositions were obtained from the concerns furnishing the lepidolite: 





r j | 
| SiOs | Al,03 | Fe20s3 


| | | 
Mn0 | K:0 LizO | Na,O F | H;20 








| 
Per cent|Per cent 








: \Per cent IP er ceni| Per cent) Per cent} |Per cent} IPer cent| Per cent| 
Sample Ac .........% 49 27 ev 0.5 | 8-10 4-5 2 os 1.5 
Sample B__.._.- = 63} 24 05 35 6.8 2.9 a 1.5 1.5 eS 
| ! 























‘The fractions were obtained by K. Langenbeck during the course of an investigation at the Bureau of 
standards, the results of which have not been published. 
_'This temperature was chosen because it lies between the temperatures used by earthenware and witri- 
ied chinaware manufacturers to mature their ware. 
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The determination of the relative degree of reaction of individual 
materials with moisture was based on weight change, assuming that 
expansion (or volume change) would be proportional to weight 
change. The crushed samples were dried to constant weight at 
115° + 5° C., exposed to water vapor at 150 lbs./in.? steam pressure 
for five hours (precautions being taken to prevent condensation of 
moisture on the samples), weighed immediately on removal from the 
= and again after drying at 115° + 5° C. and at 250° 
10° C. 


TABLE 2.—Effect of autoclave treatment on individual materials 


A. 1 BY 1 BY 5 INCH BARS (THREE SPECIMENS OF EACH BODY) AUTOCLAVED FoR 
THREE HOURS AT 150 LBS./IN.? STEAM PRESSURE (183° C.) 





Temperature of heating 





Cone 5 to6 (approx- | Cone8to9 (approx- 
imately 1,180° C.) | imately 1,230° C.) 





Expan- | Absorp- | Expan- | Absorp- 
sion tion sion tion 





Per cent | Per cent | Per cent | Per cent 
50 per cent feldspar No. 18—50 per cent flint 0. 03 6.0 0. 00 4 
50 per cent feldspar No. 3—50 per cent ihren 1-5 4. --5-0,53074 15 15.1 . 0 
uo | eee Rie. 2 hinsain tn ae eed ecBnbe 8 5 . 04 14.8 
Georgia kaolin ! : . 03 20.7 

















B. POWDERED SPECIMENS HEATED AT 1,225° C., RECRUSHED AND AUTOCLAVED 
FOR FIVE HOURS AT 150 LBS. /IN. 1 STEAM PRESSURE 





Percentage of water 
absorbed during 
Weight autoclave _ treat- 
gain dur- ment whieh was 
ing auto- removed by dry- 
clave ing at— 
treat- 
ment 





115° 250° 
5° C, 10° C 





Per cent | Per cent | Per cent 
32 84 
30 


Cornwall stone. _..____-4! 








Oo te te Swo+) 








1 Taken from Table 7 of H. H. Holscher’s paper. (See footnote 12, p. 299.) 


10 In this phase of the work the specimens were considered to have reached constant weight when the 
weight difference after 2-day intervals of drying did not exceed 0.5 mg. 
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III. RESULTS 


1. COMMERCIAL BODIES 
(a) MOISTURE EXPANSION OF UNAUTOCLAVED SPECIMENS 


As a preliminary study, specimens of five brands (Nos. 1, 5, 6, 14, 
ud 16) were taken from glazed plates which had been stored in the 
boratory for several months. The moisture expansion was found 
; vary from 0.03 to 0.06 per cent for four brands which had water 
ijsorptions of from 9.4 to 12.5 per cent; the other brand (No. 1) 
sowed no moisture expansion and the water absorption was 2.0 per 
ent. Typical curves are given in Figure 1 and the values in Table 3. 

Since the moisture expansion tests of unautoclaved glazed plates 
yere made on specimens of the body immediately after being taken 
fom the plates, it is indicated that the expansion noted had taken 
lace regardless of the supposedly impervious coating of glaze."' The 
lita, therefore, justify the conclusion that glazed earthenware may 
le subject to crazing caused by penetration of moisture through the 
dazed and the resultant moisture expansion of the body. 


(b) MOISTURE EXPANSION OF AUTOCLAVED SPECIMENS 


One specimen of each of the 16 brands was autoclaved at 150 
\bs./in.* steam pressure for one hour, the pieces being immersed. 
Typical results are shown by the curves in Figure 1. For any one 
secimen the expansions during the second and third heatings were 
practically identical. The curves in Figure 2 show also that the 
wntraction during the cooling, following the first heating of an auto- 
caved specimen, js practically along the same curve as the expansion 
during the second heating. The data indicate that the first heating 
ud the first cooling are sufficient to give the desired information. 
Pertinent data obtained in this phase of the investigation are sum- 
marized in Table 3 and the calculated moisture expansions are plotted 
against percentage water absorption in Figure 3. Although the bodies 
we all of one type and probably had been matured at about the same 
temperature, there are undoubtedly sufficient differences in composi- 
tion and structure to affect the porosity-expansion relation. As 
shown by data given in this paper, feldspar alone may be an important 
lactor. 

Taste 3.—Effect of moisture on —— either stored in laboratory air or auto- 
clave 





| w. | Moisture} Moisture Moisture} Moisture 

: ater | expan- | expansion r Water expan- | expansion 

Brand No. absorp- | sion after | after auto- Brand No. absorp- | sion after | after auto- 
tion storage ! clave ? tion storage ! clave ? 
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Per cent | Percent | Per cent Per cent | Per cent | Per cent 
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Difference in total expansion at 400° C. between first and second heating of unautoclaved specimen 
eprabens beniem — from a whole plate stored in the laboratory under normal atmospheric conditions 
“I séverai months. 
; ’ Difference in total expansion at 400° C. between first and second heating of specimen autoclaved for one 
ur in steam at 150 Ibs./in.? pressure. 
' Especially selected and tested for unbroken glaze before specimen was taken from plate. ; 
toot’ was shown by Schurecht (footnote 1, p. 291) that glazes. may undergo moisture expansion. This is 
“Der evidence that they are not impervious to moisture. 
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(c) EFFECT OF VARIOUS DRYING TEMPERATURES ON THE LENGTH OF Auto. 
CLAVED SPECIMENS 


A number of observations were made by holding autoclaved speci 
mens at several temperatures (maintaining the temperatures as nearly 
constant as possible) and observing length changes. Seventeen tests 
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were made on three different bodies. These tests were modifications 
of the following, the results of which are typical and are discussed 
detail: 

1. A specimen of brand No. 5 was ‘‘autoclaved” for two hours at 
150 |bs./in.? steam pressure while immersed in water. Length changes 
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were then observed while the specimen was heated in a furnace to 
approximately 118° C. and held for 5% hours, reheated to approxi- 
mately 180° C. and held for 1% hours and again heated to 246° C. 
and held for 1% hours and finally heated to 600° C. The specimen 
was permitted to cool to room temperature after each heat treatment. 
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Figure 2.—Thermal expansion curves showing that the contraction of an autoclaved s 
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the first heating is practically the same as the expansion during the second an 
Test made on a specimen of commercial body No. 3 autoclaved for two hours at 150 pounds per square inch steam pressure. 
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The results obtained are shown by the curves in Figure 4. The 
specimens were held at each temperature until further length changes 
were negligible. 

2. Length changes of a second specimen of brand No. 5 were 
observed while the specimen was held at approximately 245° C. for 
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five hours. As is evident from the curve in Figure 5, the rate of 
contraction had decreased considerably at the end of the 5-hour 
period, but conditions had not reached equilibrium. The specimen, 
after cooling to room temperature, was again heated to approxi- 
mately 245° C. and held for four and one-half hours, after which the 
temperature was raised to 325° C. 

3. Two specimens of brand No. 15 were autoclaved for two hours 
at 150 lbs./in.? steam pressure while immersed in water. Length 
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PLACENTAGE ABSORPTION 
FiGcurE 3.— Water absorption and difference in total thermal expan- 
ston at 400° C. (during first and second tests) of autoclaved speci- 
mens of 16 brands of commercial whiteware (data in Table 3) 
The difference in total expansion at 400° is considered as moisture expansion. 


changes of one specimen were then observed while the specimen was 
heated to approximately 260° C. and held for two hours (A, fig. 6), 
after which the temperature was raised to 380° C. Length changes 
of the second specimen were observed while heating it to 680° C. ata 
constant rate of temperature increase (B, fig. 6) permitting it to cool 
to room temperature, and again heating to 680° C. at a constant 
rate of 3° C. per minute. 
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The information given in Figures 4, 5, and 6 indicates that the 
reactions induced by heating autoclaved specimens, and evidenced 
by contraction, are relatively sluggish at 120° C., proceed faster as the 
temperature is raised, and are markedly accelerated at temperatures 
above 230° C. 
2. EXPERIMENTAL BODIES 


(a) EFFECT OF COMPOSITION, HEAT TREATMENT AND ABSORPTION ON MOISTURE 
EXPANSION 


As originally outlined this phase of the investigation included the 
making and testing of 435 specimens representing 20 different bodies, 
each of which was to be heated at several temperatures as specified 
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Ficure 4.—Length changes of an autoclaved specimen of commercial body No. 
5 when held at various temperatures 
All tests made on the same specimen after one autoclave treatment. 
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in Table 1. Three specimens were prepared for each heat treatment 
of each body." Because of the extreme weakness of many of the 
specimens, particularly the A series (flint feldspar), and the speci- 
mens of the B series (clay feldspar) heated at the lower temperatures, 
only 215 were available for the entire series of tests. Had this been 
anticipated, fewer bodies and more specimens of each would have 





"Tt has been shown by previous investigators (footnote 1, p. 291) that the relative porosity is an important 
fictor in determining the extent of the reaction of ceramic bodies with moisture. Obviously the relative 
hoisture expansions of two bodies varying in composition are not comparable unless the porosity is the 
‘ame both in extent and in nature. Not only is the nature of the pore space difficult of determination 
\ratio of fine to coarse pores, etc.), but it would be practically impossible to develop the same porosity in two 
Pg of the whiteware type, varying in composition, without using a different heat treatment for each. 

his introduces a third variable which, it was anticipated, would be a significant factor. It was this 
Practical difficulty of changing only one variable at a time that prompted the study of such a large number 
specimens in the hope that the data could be studied as group averages which might indicate the effect 
0 be expected by changing either composition, porosity, or heat treatment. 
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been made. However, such values as could be determined are 
presented in Table 4. This table gives the average percentage 
moisture expansion and water Resa for each body during the auto. 
clave treatment, but only the group averages of each series of bodies 
for the determinations which were made after the drying treatments. 
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As stated in footnote 12, the analysis of data, obtained by heating 
a number of different ceramic bodies to a series of temperatures and 
subjecting them to moisture in an autoclave at elevated temperatures, 


is made difficult by the fact that one factor can not be changed 
without changing others. In studying the data (Table 4) it should 
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be remembered that only one clay, one feldspar, and one flint were 
investigated. Also, little significance can be attached to certain 
irregular absorption-temperature relations because the bodies were 
heated by the draw-trial method, which is comparatively rapid and 
not suitable for a study of absorption-temperature relations. 

The length measurements show that autoclaved specimens of 
arthenware which have expanded due to reaction with moisture 
apparently return to their original length when held for a reasonably 
short time at 250° to 270° C. in air and under atmospheric pressure. 
However, the most noticeable development is the unique behavior 
of the C (or clay-flint) series of bodies. Although the compositions 
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FiaurEe 6.—These thermal expansion curves for commercial body No. 15 (together 
with the curves given in figs. 4 and 5) show that subjection to a temperature 
of approximately 250° C. for a relatively short time 1s sufficient to overcome 
the effect of autoclave treatment on length change, while prolonged treatment 
at lower temperatures is not 
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are very refractory, and the specimens highly porous, even after 
heating to cone 18, the only specimens showing a significant length 
change, or moisture expansion, after autoclaving are those heated to 
cone 8. This indicates that a body composed of the clay used in this 
investigation (Georgia kaolin) and of flint would be very resistant to 
nolsture expansion even though the porosity was relatively high. 
The data obtained by Holscher * would indicate that this might 
not be true for all clays. 





J. Am. Cer. Soc., vol. 14 (3), p. 207, 1931. 
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A point of interest concerning the B series is the progressively 
decreasing resistance to expansion which was shown by the bodies 
fired to cones 02, 2, and 4 even though the percentage absorption also 
decreased. (Table 4 and fig. 7.) This led to the supposition tha; 
crystalline or unaltered feldspar is less susceptible to moisture expan- 
sion than feldspar glass. Therefore, a specimen of raw feldspar No. 
3 and one of the same sample fused at 1,225° C., both ground to pass 
a No. 325 United States standard sieve (<80u), were subjected to 
identical autoclave treatment. Also, specimens of body B4 heated to 
cones 02, 6, and 10 were examined petrographically.* It was found 
that the body heated to cone 02 was composed of two phases 
unmelted feldspar (index of refraction=1.52) and dehydrated clay 
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FiGuRE 7.—Relalion between water absorption and moisture expansion of thé 
cE; clay-feldspar series of bodies (B, Table 4) 


The numbers indicate the temperatures, in terms of cones, to which the specimens were heated 


(index of refraction=1.53 to 1.54). The specimen fired to cone | 
contained three phases—melted feldspar (index of refraction = 1.49), 
unmelted feldspar (index of refraction=1.52), and dehydrated clay 
(index of refraction = 1.53 to 1.54). The cone 10 specimen containe¢ 
the same phases as that fired to cone 6, but much more of the feldspu 
had melted. The absorption values obtained for raw and fused feld- 
spar, which are given in Table 5 and supported by the other values fo! 
fused feldspar in Table 2 when considered in connection with thi 
phase compositions of the B bodies examined may be accepted « 
supporting the supposition. Therefore, commercial earthenware 
which is matured at about cone 6 and has an absorption averaging |! 
per cent, may have a structure peculiarly susceptible to moisture 
expansion. 





———_——— _ er eee = 
14 Examinations made by R. H. Ewell. 
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3. INDIVIDUAL MATERIALS 
(a) RELATIVE REACTION TO MOISTURE 


Holscher '° found that a body composed of feldspar, clay, and flint 
showed greater length changes after autoclave treatment than the 
pure clay although the absorptions were lower. This indicates that 
the other constituents of the bodies he investigated, namely, the feld- 
spar or flint, may be even more reactive to moisture than the clay. 
Schurecht '* investigated a series of bodies in which ball clay, feldspar 
and flint were varied between wide limits. He found that a mixture 
of 40 per cent feldspar and 60 per cent flint showed the greatest per- 
centage length change in the series (0.188 per cent), while 60 per cent 
feldspar and 40 per cent flint showed only 0.100 per cent. The 
absorptions, however, were 13.4 per cent for the former and 5.0 per 
cent for the latter mixture. Whether the relatively high moisture 
expansion of the former mixture was induced by a reaction between 
the flint and feldspar, as Schurecht surmised, or because the presence 
of the flint produced sufficient porosity to permit the water vapors to 
react with a greater portion of the body had not been proven. It is 
worthy of note that the three bodies of Schurecht’s series which showed 
unusually low expansions, considering their high absorptions, con- 
contained no feldspar. The data indicate feldspar to be a material 
highly reactive to water vapor. This indication was strengthened by 
the results of preliminary tests given in part A of Table 2. The 
values given in part B of Table 2 are for individual powdered materials 
heated, recrushed and autoclaved as described in Part IT. 


TaBLE 5.—Hffect of particle size on percentage gain in weight during autoclave 
treatment (samples exposed to vapor only) 


re 
| Gain in weight 
| 


Particle 
size 


Material | j j 
| Sample 1} Sample 2} Sample 3 
| 


Feldspar No, 3:1 Per cent | Per cent | Per cent 


Mu 
Fused <80 5 R ay t3y) 
<80 .18 . 22 
80-10 od . 28 
<10 ae -2 


Original. 
1 | 


| 
| 
| 
| 


Raw 


eoor china clay 2 








' Autoclaved at 509 Ibs/in.? steam pressure for 1 hour (250’ C.). 
* Autoclaved at 320 to 350 Ibs./in.? steam pressure for 16 hours (225°-+-5° C.), 


The relative reactions of individual materials with moisture (Table 
2) lead to conclusions similar to those indicated by the results of the 
much longer series of tests with experimental bodies. The weight 
increase of the feldspar glass investigated was the greatest, that of 
dehydrated clay was considerably less, and that of the calcined flint 
almost negligible. This is in accord with the observed fact that the 
bodies containing no feldspar (series C, Table 4) showed the least 
expansion. No lepidolite or Cornwall stone having been used in the 
experimental bodies, the data obtained with them are of general 





'S See footnote 13, p. 3u1. 16 J. Am. Ceram. Soc., vol. 12 (9), p. 596, 1929. 
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interest only. However, they are of possible value, when compared 
with those for feldspar, to those concerns using lepidolite or Cornwall 
stone in their bodies and glazes. 


4 


(b) EFFECT OF PARTICLE SIZE 


The values obtained by autoclave treatment of fractions of one 
feldspar and of one clay, the fractions differing in the range of particle 
sizes comprised, are given in Table 5. They may be taken as further 
evidence that reactions with moisture in an autoclave will increas 
with increase in the surface exposed per unit mass. This is to be 
expected since there is no breaking down of the structures and the 
reaction is confined to the original surfaces or must proceed from 
these surfaces. 

(c) PETROGRAPHIC EXAMINATIONS 


These petrographic examinations and the following report wer 
made by Dr. H. Insley. 


Georgia clay (heated to 1,225° C., recrushed to pass a No. 120 sieve, and auto- 
claved at 760 to 800 lbs./in.? steam pressure or at approxmiately 275° C., for 22 
hours). Mean index of refraction of grains about 1.57. No difference between 
autoclaved and unautoclaved samples. 

Cornwall stone (same treatment as Georgia kaolin). No apparent difference 
between autoclaved and unautoclaved samples. 

Mica and quartz (same treatment as Georgia kaolin). No perceptible effect 
of autoclaving. 

Lepidolite (same treatment as Georgia kaolin). Some etching marks on swr- 
faces of grains, but otherwise indistinguishable from lepidolite which has been 
heated but not autoclaved. 

Raw feldspar No. 3 (<.10 u; autoclaved at 800 lbs./in.? steam pressure or 275° C., 
for 16 hours). Identical with untreated material. 

Raw feldspar No. 3 (10 to 80 u; same treatment as other raw feldspar). Identi- 
cal with untreated feldspar. 

Feldspar No. 3 (heated at 1,225° C.; recrushed to pass a No. 120 sieve and auto- 
claved for 24 hours at 700 to 1,000 lbs./in.? steam pressure or approximately 265 
to 290° C.). The feldspar is fused. Index of grains is slightly but unmistakabl} 
higher than the unautoclaved sample. (Unautoclaved=1.493, autoclaved= 
1.496.) Autoclaved sample shows a slight etching of the surface of the grains. 
The unautoclaved sample shows an extremely narrow layer on each grain some- 
what higher in index than the body of the grain. The higher index of the auto- 
claved sample may be due to the annealing action during the autoclave treatment 


4. NATURE OF REACTION TERMED MOISTURE EXPANSION 


While the results obtained in this investigation throw further light 
on the factors affecting the resistance of ceramic whiteware to moisture 
expansion, they offer no evidence regarding the nature of the reaction 
involved. Any of the observed facts can apply equally well, whether 
this expansion is caused by adsorption, absorption, or solid solutions. 
It is possible that the nature of the reaction could be proven using 
the method described by Washburn " for studying the dissociation 
equilibrium of autoclaved material at different teraperatures. Thus 
method has been used by Schwarz * and Huttig ® in a study of silica 
and its hydrates. 








17 J, Franklin Inst., p. 753, June, 1922. 
18 Ztschr. Elektrochem., vol. 32, p. 415, 1926. 
1%Ztschr. anor. Chem., vol. 121, p. 243, 1922. 
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IV. CONCLUSIONS 


The most important conclusions justified by the data obtained in 
ei investigation may be summarized briefly as follows: 

Fused feldspar is the most susceptible to moisture expansion of 
Pe materials investigated. 

2. The increasing content of fused feldspar and the decreasing 
absorption of whiteware bodies heated to progressively higher 
temperatures are counteracting influences which appar ently result in 
least resistance to moisture expansion for those bodies matured at 
cone 6 to 8 and having an absorption of about 10 per cent. 

3. Glazed earthenware may be subject to crazing caused by 
penetration of moisture through the glaze and the resultant moisture 
expansion of the body. 

4. Reactions induced by heating autoclaved specimens and evi- 
denced by contraction are relatively sluggish at 120° C., proceed 
faster as the temperature is raised, and are markedly accelerated at 
a above 230° C. 

Autoclaved specimens of whiteware which have expanded due 
to ‘on with moisture apparently return to their original length 
when cooled to room temperature after holding for a reasonably short 
time at 250° to 270° C. in air and under atmospheric pressure. 


WASHINGTON, June 21, 1932. 
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INFRA-RED ARC SPECTRA PHOTOGRAPHED WITH 
XENOCYANINE 


By W. F. Meggers and C. C. Kiess 


ABSTRACT 


A new sensitizing dye, xenocyanine, has made possible the preparation, by the 
Eastman Kodak Co., of plates highly ‘sensitive to infra- red light ranging in wave 
length from 8,000 to 11,000 A. Witb such plates the infra-red are spectra of 
about 50 elements have been observed at the Bureau of Standards. New wave- 
length measurements have been made for Ti, Fe, Co, Ni, and Zr, and are presented 
in this paper. Many of these new lines have been accounted for as combinations 
between previously known terms of the neutral atoms. In the case of Ti a new 
term, a®D, has been found. Both Ti and Fe are rich in strong lines in the region 
investigated and are recommended as suitable comparison spectra for the measure- 
ment of wave lengths in the infra-red. 
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I. INTRODUCTION 


More than a decade has passed since the authors ' published several 
papers on the infra-red emission spectra of various metallic arcs. 
Use was made of photographic plates bathed in solutions of dicyanin 
which was the best photographic sensitizer then known for the infra- 
red. Dicyanin exhibits its maximum sensitivity in the red at wave 
length 7,000 A, but it is characterized by a broad band which made it 
possible to rec ord, with prolonged exposures, the strongest lines between 
9,000 and 10 000 A. It appears now that the practical limit of dicy- 

anin as employ ed by us is about 9,800 A, and nearly all of the lines 

served with apparently greater wave length have been explained as 
vod an ghosts produced by the diffraction grating when very long 
exposures are used. 

A new infra-red sensitizer, called neocyanine,? was discovered in 
126; its sensitizing action is a maximum at 8,100 A and it has been 
used extensively for the photography of spectra. However, its 
sensitizing band is much narrower than that of dicyanin, the action 
alling off very rapidly beyond 9,000 A, so that no appreciable advance 
was made i in the study of infra- red spectra. 


I Mienedé: B. 8. Sci. Pap ers, vel, i (8312), p. 871, “% W. F. Meggers and C. C. Kiess, B.S, 
Papers, vol. 14 ( 524), p. 687, 1918 . Kiess and W. F. Meggers, B.S. Sci. Papers, vol. 16 (S372) 





. Dundon, A. L. Schoen, and R. M. Briggs, J. Opt. Soc. Am. and Rev. Sci. Inst., vol. 12, p. 397, 


132919—32——3 309 





310 Bureau of Standards Journal of Research [Vous 


The recent discovery, in the Eastman Kodak research laboratories 
of a new infra-red sensitizer, xenocyanine, is now recognized as begin. 
ning a new era in infra-red spectroscopy. Photographic emulsions 
containing xenocyanine have two remarkable properties—(1) a very 
broad sensitizing band which ranges from about 8,000 to 11,000 4 
with a maximum at 9,600 A, (2) extraordinary speed, which is estimated 
at one hundred to one thousand times that of the best materials 
heretofore available for the interval 9,000 to 10,000 A. At the Bureay 
of Standards more than 50 spectra have now been explored in the infrs. 
red with these new plates, and in nearly all cases many new lines have 
been discovered. In this paper results are presented for titanium, 
iron, cobalt, nickel, and zirconium. 


II. APPARATUS AND METHODS 


The light source in each case was a direct-current are carrying 
6 to 8 amperes with an applied potential of 220 volts. Rods of iron, 
cobalt, and nickel served as arc electrodes, while in the cases of titan- 
ium and zirconium, pieces of metal were used in a copper arc. 

The spectrograms were made with a concave grating, mounted 
stigmatically, as described elsewhere,* the dispersion being 10.4 
A/mm in the first-order spectrum. The infra-red spectra were photo- 
graphed in the first order with exposures of 20 to 60 minutes and 
adjacent portions of the plate were exposed for 1 minute to the 
second-order spectrum of iron for the purpose of wave-length measur- 
ments. For titanium and iron the stronger lines were photographed 
also with the grating ruled with 20,000 lines per inch, giving a disper- 
sion of 3.6 A/mm. 

The xenocyanine plates were hypersensitized in a dilute ammonia 
bath just before use in the spectrograph, and they were developed in 
Eastman Kodak X-ray developer at about 18° C. immediately after 
exposure. 

Wave-length determinations in the infra-red spectra involved car- 
ful measurement of the position of the lines relative to lines in the 
blue and green portions of the iron spectrum recorded in juxtaposi- 
tion. The values of the iron lines were those adopted as secondary 
standards by the International Astronomical Union,‘ their apparent 
values for the interpolation of wave lengths corresponding to infr- 
red lines being assumed to be exactly double their actual values. 


III. RESULTS 
1. TITANIUM 


In Table 1 are presented the new wave lengths measured in the ar 
spectrum of Ti and extending it 1,000 A beyond the longest line pre: 
viously recorded. The most complete list of Ti : lines published to 
date is that compiled by Prof. H. N. Russell * from various sources 
and giving the classifications of nearly 1,400 lines as combinations 
between terms of the singlet, triplet, and quintet systems. Our lis! 
overlaps Russell’s by nearly 1,500 A, and a comparison of the two 
well illustrates the advantage of the new photographic materials ove! 





3'W. F. Meggers and K. Burns, B. 8. Scis Papers (No. 441), 18, p. 191, 1922. 
4 Trans. Internat. Astron. Union, vol. 3, p. 77, 1928. 
§ Astrophys. J., vol. 66, p. 347, 1927. 
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those formerly used. Not only are the intensity estimates of the lines 
greatly increased but many faint lines, predictable from term combi- 
nations and heretofore unobserved, are now recorded. 

In addition to wave length and intensity estimates, Table 1 records 


‘for each line its vacuum wave number and its term combination. 


Most of the classifications are based on the terms given by Russell 
which we have expressed in the current standard notation.® A key 
for translating Russell’s notation into that used at present is to be 
found in a recent paper by Miss Moore.’ 

As shown in Russell’s analysis of Ti1 a group of metastable terms is 
to be expected arising from the electron configuration 3d*. Of this 
group of terms we have found a’D which actually lies higher in the 
energy diagram than the lowest odd terms (2°D° and oof °) of the 
middle group with which it combines. The values of the components 
of a°D relative to a°F,=0 are given in Table 2 


TABLE 1.—Wave lengths in the infra-red spectrum of titanium 


ee mee 


Asir I. A. | Intensity Vvac CIN! | Term combination | 








9, 278. 36 aF.—25G3 
9, 314. 65 a@F3—2°G3 
9, 316. 15 x D3-f*F, 
9, 320. 35 aF\-25G3 
9, 352. 56 2YDi-f Fs 


9, 363. 44 aF.-25Gj 
9, 376. 98 aF,-25G3 
9, 424. 52 aF;-25G3 
9, 445. 12 ab F3—25Gj 
9, 473. a®#H;-yGj 


10, 774. 82 
10, 732. 
10, 731. 
10, 726. 2 
10, 689. ; 


10, 676. 
10, 661. 
10, 607. 
10, 584. 57 
10, 552. 


10, 496. 
10, 459. 
10, 396. 
10, 145. 
10, 129. 


10, 066. 
10, 059. 
10, 057. 
10, 050. 
10, 048. 


- Oe 


_ 
— bo 00 bo 





— 


9, 524. aF.-23G3 
9, 557. 6¢ a?’ He-y G3 
9, 615. aF;—z5G§ 
9, 853. 

9, 877. a? D;-2° D3 


9, 931. a’ D,-2° Dj 
9, 937. | BF,-22G3 
9, 939. a’ D;-2° D3 
9, 947. 
9, 948. BF;-2G;j 


10, 034. 9, 962. BF,-2G3 
10, 011. 9, 985. 56 a@D,-2 Dj 
10, 003. 9, 994. a’ D,-2° D3 
9, 997. 9, 999. @G;-yF3 
9, 981. 16 10, 016. 


9, 948. 10, 048. a’ D,-2° D3 
9, 941. 33 10, 056. 26 a D,-x* D3 
9, 930. 30 10, 067. y'Gi-e'G, 
9, 927. 10, 070. Gy F3 


a’ D.-y>G3 
9, 923. 25 2 10, 074. 


tho 


Noe 
bo Gr Gr bo GO Noown 


— ae 
Corer 


a’ D;-y5 Gi 
y>G3-e Fy 











| 
| 


6 Phys. Rev., vol. 33, p. 900, 1929. 7 Astrophys. J., vol. 75, p. 235, 1932. 
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TABLE 1,—-Wave lengths in the infra-red spectrum of titanium—Continued 


| | | 
Asir I. A. Intensity Vvac cm~! | Term combination 
| | 


, 879.41 | : 10,119.29 : a®G3-yF3 
, 832. | afl 10,167.93 | @G,;-y°Fj 
, 813. 45 10, 187. 30 2°Dj-a'D; 
7a |S | 10,214.14 | aSF3-25F3 
783. 59 | . | 10, 218. 40 aF.—2° Fj 


783. ¢ 10, 218. 70 aF-2F3 

, 440. 28 | | 10,232.32 | a’F—25F; 
, 168. 22 | 10, 234. 47 2D3-a°D» 
9,746.86 | | 10,'256. 91 | 2Dj-a'D, 
743. 6 10, 260. 34 | OF —2 by 


737. ° 10, 266. 48 | 2Ds—a5D, 
Ten. 36-7 } | 10, 276. 41 a F,—-25F3 
718 2 | 10,286.35 | a'G,y—2'F3 
717. | 10, 288. 4: 2D3-—a5 Dz 
71E 10, 290. | 5 D2-a5Do 


q 705. 6- 8 | 10, 300. a5'Fs -25F'3 
702. 86 < | 10,303. 42 | 2D3-—a5D, 
9,690.62 | 2 | 10,316. 4: a’ D.—25P3 
, 688. 86 é 10, 318. ¢ a F,—25F 3 
678. 98 | ; 10, 328.85 | 2Dj-a'D, 


675. 5é ( 10, 332. ! | OF -25F4 
663.19 | : | 10, 345. 7: 2Dj-a' De 
661. 4: | 10, 347.61 | a? D;—25P3 
, 652.38 | 10, 357. < 2D3—a5D; 
651. 66 | 10, 358. | 2Di-a'D, 


647. § 10, 362. 
647. ¢ 5 | 10, 362. 65 aF,—25F3 
638. 28 { 10, 372.45 | a’ R—25F 3 
; 606. 10,406.48 | FHF, 
602. 38 | | 10) 411. 2: yD3-8F, 
oF Y 
2 0F 
oF 


¥ 
5 


, 599. 5: | 10, 414. 3: a F;- 
9, 590. 15 10,424.51 | ySDi 
, 588. | 4 | 10, 426. ySF; 
570.08 | | 10, 446. ; SF 3- 

550. | 2 | 10,468.21 | y5Fs 


e 
f' 
"fs 
f' 
2% —25 
F 


4 
° 
2 

‘o 

A 

‘e 
3 
4 


3 
2 
1 


546. | 10, 472. 6 
511. 3 6 |) «10, 510. ¢ 
9, 511. 5é ) 10, 510. 65 
, 510. L: | 10, 511. 47 
, 508. y | 10, 514. 


Se 8 
S53 


te 
-— 
oe oT 
a> Me? he? Mee? he >| 
re ee ee 


506.04 | 25 | 10,5167 
473.51 | | 10, 552. 
,453.22 | 3 | 10,575.5 
431. 77 3 10, 599. 5 

409. 65 2 | 10, 624. 


eo 

ba a bb} 

cad 096 md exe 
wo tw 


om 


> 
~~ 


. 5 


daca 


oe 


y>! 


“ss 


te < 


, 312.48 | | 10, 735. 34 YF 3-8 F, 
, 305. | 10, 743.92 | yFi-eG, 
, 285. 0¢ | 10, 767.06 | 2F3-e F; 
R 257. 32 | 10,798.95 | oFi-eF, 

10, 812. 36 yFi-EGs 
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TaBLE 1.—Wave lengths in the infra-red spectrum of titanium—Continued 
rene t4 compas l 
| Intensity | ¥vac cm=! Term combination | 

| 





10, 901. 8 D3— Fy 
10, 905. y F3-8G, 
10, 942. CE P,—w' D3 
10, 958. wF3-eG; 
10, 997. | @® Ps 2583 


11, 000. | P,-w Ds 
11, 001. | a Py F3 
11, 074. | a P.-2585 
11, 078. | a Py F3 
11, 121. | a P2583 


amg i) 
bo bo Or bo bo Cr cr ds © bo 





— 


11, 125. 6 aP,-yF3 
11, 279. | 8G8-P°G, 
11, 333. ¢ a'P;—y3 D3 
11, 335. 54 | a’P.-2 Dj 
11, 367. z'Hg-e!G, 





—_ 
00 GO tO Ge bO 


eo 
oO 


11, 388. | a® P3—z2° P3 
11, 403. a’ P.-22 D3 
11, 410. a'P.-y® D3 
11, 442. oGi-(*G; 
11, 445. aP,-2D} 


— aj 
“IO cr 


1 


~ 


11, 457. | a5P,-y° D3 
11,465.33 | a P,-z8P3 
11,501.23 | a Py-z*D} 
11, 513. 6 a P,-22 D3 
11,523.71 | a’ P,-28D} 


11, 568. § 

11, 5765. 

11, 585. 

11, 599. &P,-w Dj 
11, 600. 





11,607.29 | = a P,- Ds 


, b3 P.—-w? D§ 
11, 623. | a®P;—-y5D3 
11, 627. b' G2 G3 
11, 653. aP,-y Dj 
11, 665. b§ Po—w* Di 


11, 671. a5 P.-y D3 
11, 691. a’ P3-y> D3 
11, 695. aG;-x2F3 
11, 707. be P,—w* D3 
11, 718. a'P,-y' D3 


11, 725. 
11, 725. 6 
11, 736. 

11, 736. 5é 


11, 766. 





11, 767. 6 
11, 769. : 
11, 784. 
11, 805. 
11, 807. 
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TABLE 1.—Wave lengths in the infra-red spectrum of titanium—Continued 


7 | | | | 
Aair I. A. | Intensity | ¥vac CMm~! | Term combination | 
| 


8, 460. 96 11, 815. 

8, 457. 10 11, 821. aPs-yDj 
8, 450. 89 11, 829. @H;-2Gj 
8, 442. 98 11, 840. 91 be P,-25 D3 
8, 438. 93 | 11, 846. 60 a’ Hoa G3 





8, 435. 68 11, 851. 15 aF,-2D3 
8, 434.98 | 11,852.14 | a®F-2°D; 
8, 426. 50 11,864.07 |  a®F;-25D3 
8, 424. 41 11, 867. 01 2F}-a'D, 


8, 423.10 | , 868. 86 a’Gy-a Fj 

8, 418.70 | , 875. 06 

8, 417. 54 | ,876.70 | 2Fi-a'Dy 
8, 416,97 | 877. 50 a®H,-2°G3 


8, 412.36 | 884.01 | a®F,-25D} 
8, 407. 87 890. 37 
8 402. 54 | ’ 897. 90 atH,-2G3 
8, 396.93 | ’ 905. 84 aF,-2D§ 
8,389.48 | 25 916.42 | 2Fya'D, 
"389 82 | 90 ’ 925. 89 a’F,-25D% 
8, 382.54 | 100 ’ 926. 29 a’F,-25D$ 
8, 377.90 | 100 | 11,932.90 |  aF;-25D3 


Table 2.—The term a'D 














j v Av 





28, 952. 10 
28, 882. 44 
28, 828. 51 
8, 791. 62 
28, 772. 86 


69. 66 
53. 93 
36. 89 
18. 76 














2. IRON 


The are spectrum of iron is of exceptional interest because it 1s 
the main source of internationally adopted secondary standards 0! 
wave length. Furthermore, it is the spectrum in which the largest 
number of lines have been classified on the basis of modern theories 0! 
spectral structure, more than 2,400 lines now being accounted foras 
combinations of established atomic energy levels characteristic of the 
neutral atoms of iron. 

Extensive analyses of the arc sprectrum of iron have been published 
by Burns and Walters * and by Catalan,® the former being based on 
new measurements of wave lengths in the vacuum are, while the 
latter uses all available data for the arc in air and presents the mos! 
complete list of energy levels. Since our observations were also mat 
at atmospheric pressure, we are quoting term combinations from the 
latter paper in Table 3 below. The results for the infra-red arc 
spectrum of iron appearing in Table 3 include measured wavé 
lengths, estimated relative intensities, computed wave numbers 1 


§K. Burns and F. M. Walters, jr., Pub. Allegheny Obs., vol. 6, No. 11, 1930. 
*M. A. Catalan, Anales Soc. Esp. Fis. y Quim., vol. 28, p. 1239, 1930. 
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] vacuum, and spectral term combinations. In the range covered by 
these photographic observations lines were observed radiometrically 
thy Randall and Barker.’® Without disparaging the excellent quality 
of the radiometric results as such, a comparison, nevertheless, shows 
‘the enormous advantage of the photographic method for recording 
' details and improving precision of the measurements. 


TABLE 3.—Wave lengths in the infra-red spectrum of tron 














Aair I. A. Intensity Yvac cm ~! Term combination 
10, 863. 4 1 9, 202. 68 BD,’—a°F, 
10, 817. 9 1 9, 241. 38 
10, 783. 0 1 9, 271. 36 | 
10, 532. 12 10 9, 492. 17 
10, 469. 55 20 9, 548. 89 
10, 452. 60 5 9, 564. 38 
10, 423. 55 3 9, 591. 04 
10, 395. 75 8 9, 616. 68 a’P;-a3F,’ 
10, 353. 7 2h 9, 655. 77 dD,’-6°D, 
10, 348. 16 4h 9, 660. 91 
10, 345. 2 1 9, 663. 70 
10, 340. 77 4 9, 667. 81 a'P,-a3F,’ 
10, 218. 36 3 9, 783. 63 oF ,’—-20C; 
10, 216. 42 100 9, 785. 48 8 D,’—a° F, 
10, 195. 11 2 9, 805. 94 a?Gy—a? Fy’ 
10, 187. 4 1 9, 813. 35 
10, 167. 4 1 9, 832. 64 a’P,-a'F,! 
10, 145. 64 80 9,853.75 | b®D,/—a3F; 
10, 142. 82 2 9, 856. 49 c'F5’-29C; 
10, 115. 18 1 9, 883. 42 
10, 113. 86 2 9, 884. 71 
10, 071. 88 2 9, 925. 91 
10, 065. 09 60 9, 932. 61 B’D,’-o F, 
10, 057. 64 3 9, 939. 97 oF ,’-24C; 
9, 996. 85 th 10, 000. 41 
9, 980. 55 2h 10, 016. 74 
9, 977. 52 1 10, 019. 78 OF,’-35C; | 
a | 9,944.13 3h 10, 053. 43 | 
ale | 9, 917. 93 lp? 10, 079. 99 
ds ol 9, 897. 69 lp? | 10, 100. 59 
rgest | 
ope 9, 889. 11 40 10, 109. 36 oF ,’-30C; 
“ie 9, 881. 4 1 10, 117. 2 
Ore 9, 868. 09 3 10, 130. 90 oF,’-46C; 
f the | 9, 861. 83 30 10, 137. 33 oF ;’-39C; 
9, 839. 38 1 10, 160. 46 
sned 
“ ‘ 9, 834. 04 3h 10,165.97 |  c5F,’-21C; 4 
aahhtg 9, 811. 36 2 10, 189. 47 
e the | 9, 800. 42 20 10, 200. 85 oF,/—49C; 
most 9, 794. 91 1 10, 206. 59 
mad 9, 786. 62 2 10, 215. 24 BF,/-o5 F, 
n th 9, 783. 96 3 10, 218. 01 oF ;'-22C; 
{ are 9, 763. 91 15 10, 238. 99 oF ,’-33C, 
wave 9, 763. 34 15 10, 239. 59 oF ,/-56C, 
sit 9, 753. 15 10 10, 250.29| bD,’-o3F, 
9, 747. 24 2 10, 256. 50 























“H. M. Randall and E. F. Barker, Astrophys. J., vol. 49, p. 42, 1919. 
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TABLE 3.—Wave lengths in the infra-red spectrum of iron—Continued 




















| Aair I. A. | Intensity | Pyvac cm-! Term combination | 
} | | 
| 
9, 738. 73 200 | 10, 265. 47 cF,’-23C, | 
9, 699. 70 6h | 10,306. 77 
9, 693. 69 1 10, 313. 16 a®S,'—48C, 
9, 683. 57 1 10, 323. 94 a'S,’—49C; 
9, 676. 42 1 | 10,3881. 57 
| 
9, 673.16 | ih | 10,335. 05 
9, 666. 59 | 2 | 10,342. 07 
9,658.94 | 3 | 10,350. 26 OF;’—47C, ; 
9, 657. 30 4 | 10,352. 03 oF,’-56C, | 
9,653.18 | 20 | 10,356. 44 bD,;’—o3 F; 
9, 637. 55 | 2 10, 373. 25 
9, 634. 22 | 5 | 10,376.82] cF;’—49C; 
9, 626. 60 30h 10, 385.00 | cF,’-39C; | 
9,602.07 | 2 | 10,411. 57 | | 
9, 569. 95 40h | 10,446.51 / c5F;’-30C; | 
9, 556. 56 | 1 | 10,461.14 
9, 550.90 | 2 | 10,467.35 | e¢D,’-29C; | 
9, 529. 31 | 4h | 10, 491. 06 b'Ge’-SF; | 
| 9527.7 | ro 16.4088. I ied | 
c ‘ | f Cc Yy’-45 5 
9, 513. 21 10h | 10, 508. 82 |) p5G'y_ asp, | 
| 
9, 462. 97 2 10, 564.61 | c®D,’—24C, 
9,454.24 | 4h | 10,574.37| oF,’-61C, | 
9, 452. 45 2 | 10,576.37 | cFs’-33C, | 
9, 443. 98 ‘10h | 10,585.85 | cF,’-60C; | 
9, 437. 91 2 | 10, 592. 66 | bFs’-aF; | 
| 9,430.07 | 4 | 10, 601. 47 | 
| 9, 414. 14 20h | 10,619.41 |  c5F;’-58C, 
| 9,410.1 | lh | 10,6240 | 
9, 401. 09 10h | 10,634.15 | cF,’-50C, 
| 9, 394. 71 | 3h | 10, 641. 37 | 
|} 9,388.28 | 3h 10, 648.66 | c'D,/-36C, | 
9, 382.83 | 3h «| (10, 654. 84 | | 
9. 372 ee OK | BE a8 Fy’ 
), 372. 84 6 10, 666. 20 { cD,’—43C, 
| 9, 362. 36 4 10, 678. 13 aP.—a5P;’ 
9, 359. 37 3 10, 681.55 | BF ,-a*D,’ 
9, 350. 52 10 | 10, 691. 66 | BF ,/-ab F, 
9,343.40 | 3 | 10,699. 80 | cF,’-a D, 
9, 333.94 | 2 | 10,710. 65 c'F;’-38C, 
| 931813 | 3 | 10,72882| cSD,’-29C, | 
| 9, 307. 94 2 | 10,740.57 | CF /-54C, | 
| 
| 920466 | 2 | 10,755.92! oF/'-pD, | 
| 9,259.05 | 15 | 10,797.29] c&D,’-21C;, | 
| 9,258.40 | 20 | 10,798 04| B&F, -o8F,” | 
|} 9,246.54 | 2 | 10,811.89] 063F;-a*D,’ 
| “Re bs 10, 816.82 | bF\/-e8D, | 
9,233.2 | 1 | 10,8275 | BIG’; | 
9,217.54 | 5h 10,845.91 | c5Fs’-45C; | 
9,214.45 | 6 10, 849.54 | c5D,’-22C, 
| 921002 | 6 10, 854.76 | bP,-b5D,’ 
| 9,199.52 | 2h 10, 867. 15 | 
| 
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TABLE 3.—Wave lengths in the infra-red spectrum of iron—Continued 





| | 


Agir I. A. | Intensity ¥vac (M7! Term combination 





9,178.57 | lh 10,891.96 | cD 3’—35C; 
9,173.46 | 4h 10, 898. 02 | b§F.—a* D,’ 
9,166.44 | 3h 10, 908. 74 c§D,’—24C; 
9, 156. 9 2 10, 917. 7 c'D2’—46C; 
9, 155. 9 1 10, 918. 9 


9,147.91 | 5h | 10,928. 46 oF ;’-6°D; 
9,146.11 | 3 10, 930. 61 bF,—a3F,’ 
9,121.1 10, 960. 
9,118.87 | 10, 963. b?P,-b5D,’ 
9,117.10 | 10, 965. cD,’ F, 


- 
| 
\- 





9,116.14 | 10, 966. | 
9, 103. 64 | 10, 981. BF,-aD, | 
9, 100. 50 | 10, 985. cbD,’-26C, | 
9,089. 40 | 10, 998. bGs-a5Gs’ | 
9,088.22 | : 11, 000. b8P,—aP,’ 





9,084.2 | 11, 005. | DSF 3’—a5D, 
> | « . c'D3’—39C3 

9, 080. 48 | 11, 009. I F,’-60C; 
9, 079. 11, 010. bF,’-o F; 
” ‘ b'F,’—a5 D; 

9, 070. 42 11, 021. OF,'-eD, 
9, 062. 24 11, 031. cF,’—p5D, 


bo bo 


3}. 043. b8G;/—aF Gy 
11, 053. 
11, 062. cD,’-&éD; 
11, 070. ¢ b8P,\—-b5D,’ 
11, 077. cD,’—30C; 


9, 052. 6 
9, 044. 
9, 036. 9 
9, 030. 
9, 024. 47 


oe pt pe 


— 


11, 083. oF,'-p5D, 
11, 090. 9: a®P,-a®P,’ 
ih, 093. e OF;-B°D, 
11, 095. BF-aF,’ 
11, 097. c®Dy’—52Cs3 » 


9, 019. 84 
9, 013. 90 
9, 012. 10 
9, 010. 55 
9, 008. 37 


9, 006. 72 11, 099. ce D,’—53C, 
8, 999. 54 11, 108. 6% 6? P.—a*P,’ 
8, 995. 2 | 11,113. 
8, 984. 87 ‘ 11, 126. in Sees 
7k on BG.-a> x4! 
8, 975. 36 ‘ 11; 138. &D,’—a5F, 


NNOrF to 


8, 946. 25 11, 174. b8P\—b' Do’ 
8, 945. 15 Ll, 1 cF,’-6Ds; 
R ? BeP.-b5D,’ 
8, 943. 00 | a PER 178. cDs3’—46C3; 
8, 929. t Li, 196. ¢ cF,’- BD, 
aa D,.-33C, 
8, 919. 1 i, 207. CF;’-B°D, 





8, 916. 26 11, 212. a®F-a7P,’ 
8, 876. 11, 263. 
8, 868. 11, 272. b8G;-a°Gs! 
8 866. : 11, 274. 
8, 863. 2] 11,278. 
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TABLE 3.—Wave lengths in the infra-red spectrum of iron—Continued 

Asir I. A. Intensity Yvac C=! Term combination 
8, 846. 82 5 11, 300, 40 ©&D,’-61C, 
8, 838. 36 30 11, 311. 21 bPo-aP; 
8, 824. 18 200 11, 329. 39 a’P,—a5P;’ 
8, 814. 5 2 11,341.8 | 
8, 812. 0 lp? 11, 345. 0 
8, 809. 1 2 11, 348. 8 

| 8, 808. 3 4h | 11, 349.8 

8,804.56 | 10 11,354.64 |  a’P,-a5P,’ 

| 8,801.98 | Ip?} 11,357.96 | 

| 8,796.42 | 2 11, 365. 14 | c'D;’-54C, 
8,793.38 | 120 11,369.07 | BF,'-aF, 
8, 790.62 | 10h 11, 372.64 | c®D,’—60C; 
8, 784. 44 | 5 11, 380.64 | c5D,;’—p5D, 

| 8, 764.02 | 100 11,407.16 | bF,’-oF, 

| 8, 757. 16 50 11, 416. 09 | b8P,—a®P,’ 

| 

| 8 747. 32 2 11,428.94 | BGs-a®G,’ 

) 87201 | 2 | 11,4528 | | 

8,713.19 | 10 | 11,473.70 | BGs-a5G,’ 

| 8,710.29 | 20h | 11,477.53 |  cD-45C; 

| {ft " | | | 

3. COBALT 


About 1,200 lines of the cobalt arc have been classified by Catalin 
and Bechert," but only 10 of these have wave lengths exceeding 8,648 A. 
Our results for cobalt are shown in Table 4, the construction 0! 
which is identical with that of the preceding wave-length tables. Th 
line classifications have all been derived from Catalin’s term tables 
without any effort to extend these. A considerable number of lines 
including some very strong ones, remain unclassified, indicating tha 
the term analysis for cobalt is less complete than for iron. The ar 
spectrum of cobalt has also been explored radiometrically in. the 
infra-red by Randall and Barker.” In the interval 9,000 to 11,000 
the wave lengths and relative intensities were measured for 10 lines 
all but two of which are identifiable with the strongest ones in our list 
Here again the superior advantages of photographic over bolometr 
methods of studying complex spectra are strikingly exemplified. 


uM. A. Catalin and K. Bechert, Zeit. f. Phys., vol. 32, p.336, 1925. M.A. Catalan, Zeit. f. Phys., vol. 4’ 
p. 89, 1927. 
12H. M. Randall and E. F. Barker, Astrophys. J., vol. 49, p. 54, 1919. 


t 








Magers) Infra-Red Are Spectra 


Kkiess 


TABLE 4.—Wave lengths in the infra-red spectrum of cobalt 


Intensity | Vvac CM~! | Term combination 
9, 013. 09 b?D;’—a' F, 
9, 251. 61 cF,/—[4F 5] 
9, 359. 15 
9, 378. 16 
9, 444. 75 


9, 501. 87 b?D.—b!D,’ 
9, 546. 69 b?F;’—a' F; 
9, 569. 14 bs—-[*F 5] 
9, 574. 00 
9, 614. 26 c*G,’-(H7] 


9, 629. 26 bD,-a°F3’ 
9, 636. 24 cFs’—[F] 
9,641.38 | ctGo’-[*F's]? 
9, 642. 47 cF,’-[Ds] 
10, 364. 9,645.74 | ctGe/—[Hel 


10, 354. 9,655.04 | bF\’-a'F, 

10, 348. 9, 661. 1 cF,/—-[F,, Ds] 
10, 335. 9, 672. 84 
10, 332. 6 9, 675. 41 c'Ge’—[*Go,*F 5] | 
10, 327. : 9, 680. 40 | 


11, 091. § 
10, 805. 
10, 681. 
10, 660. 
10, 584. 


10, 521. 
10, 471. § 
10, 447. 
10, 442. 
10, 398. ¢ 


10, 382. 
10, 374. 
10, 369. 
10, 367. 


—S_ 


oo 
RDN Oo POIWOND Naren 


> 


10, 276. 9,727.99 |(m?F;’)-[F3] 
10, 265. 9, 738. 8 

10, 244. 6: 9, 758. 52 | 
10, 239. } 9, 763. 8 2G;—°G,’ 





10, 222. 9, 780. 03 a@D.—-*D,’ 


10, 195. ¢ 9, 805. 
10, 172. 8: 9, 827. c*Fs’—[4D,] 
10, 167. 2 9, 832. b?D;’—a?F» 
10, 154. ¢ 2 9, 844. 
10, 152. 9, 846. 














10, 131. 38 | 9, 867. | 64P\-8D,’ 
10, 128. | 9, 870. b? D.’—a? F; 
10, 111. 9, 887. 
10, 105. 9, 892. 
10, 092. 9, 906. ce'Gy’-[F,] 


10, 078. 6: 9, 919. 
10, 052. 9, 944. c!F’;’—[*F's] 
10, 048. 9, 948. c*F;’—[He] 
10, 046. ¢ 9, 951. 18 8? D;—a?F,’ 
10, 031. 9, 965. 9% b*P,—*D,’ 


10, 021. 9, 975. 

10, 019. 9, 978. cF s’—[4Ge,! Fs] 

10, 007. 9, 989. 
9, 999. 9, 997. b?D.-b‘D,’? 
9, 952. 10, 045. b?F3’—at F, 


9, 940. 6¢ 10, 056. 
9, 918. 10, 079. (a?P»’)-[F3, D2] 
9, 912. 10, 085. b*P;—*D,’ 

9, 909. 10, 088. 
9, 890. 10, 107. b? D;—b*D,’ 
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TABLE 4.— Wave lengths in the infra-red spectrum of cobalt—Continued 


aad = vee, 
Aair I. A. Intensity | Yvac CMm-! | Term combination | 


| 


9, 859. 10, 139. 31 
9, 852. | 10, 146. 9 
9, 847. 10, 151. 9 oF ,/-[F3] 

9, 823. 5: 10, 176. 87 c'F,’-[Fy,Ds] 
9, 798. 10, 202. 99 c'F,’-[F,,Ds] 


9, 785. 10, 216. 52 
9, 769. 10, 233. 7 
9, 764. 10, 238. 34 
9, 746. | 10, 257. 79 
9, 738. ‘ 10, 265. 














9, 735.53 | 10, 268. 
9, 729. | 10, 275. 
9, 696. 10, 310. 
9, 694. 10, 312. 
9, 678. | 10, 329. 


9, 670. 10, 338. 
9, 659. : 10, 349. : 
9, 638. | 10, 372. 5: 
9, 629. 83 | 3h | 10, 381. 
9, 626. 7: | 10, 384. 











9, 618. 2 | 10, 393. 

9, 613. 4 | 4 | 10, 399. 2: 

9, 606. 52 | 5 | 10, 406. 

9, 597. i «f | 10,416.09 | b?F;/—a?F; 


9, 592. 2h | 10, 422. 2 


9, 585.28 | | 10, 429. 8 

9, 580. 63 | 3 | 10, 434. 

9, 569. | | 10, 447. cGs’—[Fy] 
9, 548. 66 | | 10, 469. 8 

9, 544.52 | | 10,474.34 | BF,'-aF, 


9, 527. | | 10, 493. 
9,517.33 | | 10, 504 
9, 513. | 10, 508. £ 
9, 500. | | 10, 523. 4: 
9, 482. | 10, 542. 


9, 470. | 10, 555. |  b&P,-8D,’ 
9, 454. | 10, 574. 
9, 442. | 10, 587. 
9, 435. | 3 | 10, 595. | ctGs’-[*F 5] 
9, 428. 10, 602. 


9, 425. 8 | 10, 606. ¢ 
9, 422. | 10, 609 
9, 406. 10, 628. 
9, 395. | 10, 640. 
9, 356. | 10, 684. 


9, 351. | | 10, 691. 
9, 347.88 | 10, 694. 
9, 344. 9: 10, 698. 
9, 340. | 10, 703. 
9, 319. 10, 727. 
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TaBLe 4.—Wave lengths in the infra-red spectrum of cobalt—Continued 


Nair IL. A. Intensity | Vyac cm! Terr combination 


9, 280. | 10, 772. ¢ bE ,'-a'Fs 
9, 269.90 | | 10, 784. 6: 

9, 262. | | 10,793.3 | bD,-d*F;’ 
9, 258. | , 798. | AR’ -(Fyl 

9, 245. | 812.99 | b*Ds-a?G,’ 


9, 233. 6 827. | @®P,-a'F;’ 
9, 217. Z 845. 6 
9, 207. 857.19 | 
9, 204. S861. b?D;—a?F;3’ } 
9, 197. H 869. 7¢ } c*F ;’--[F, Ds] | 


9,185.95 | 883. 
9, 181. 888. 
9,177.93 | , 892. 
9, 165. 2 907. ¢ 
9, 150. 2 925. 





9, 133. 2 5 | 10,946.02 | ctF,’-['Fs) 
9, 130. 50 | , 949, 

9, 111. 6: 971. 

9,095.37 | 4 991. ! 

9,071.35 | 4h | 11, 020. 


9, 057. 25 2 037. 

9, 052. 4: 043.72 | b?D.—b'F 2’ 
9. 040. | “4 , 058. 

9, 037. 50 | 061. 

8, 997. ; 111. 





8, 986. , 124. 

8, 972. , 141. 6 
8, 958. K ’ 159. btF3’—a! F, 
8, 953. ‘ 165. 
8, 939. | | 11, 183. 


, 926.21 | | 11, 199. b?D.—a?D,’ 
, 904. | , 227. 
892. | 11, 242. 36 c'D,’-[Fs3] 
888. | Sh | 11, 247. 
886. 28 | y , 250. 





00 00 00 90 60 





878. ¢ 260. 
872. , 267. | ¢*D2’—-[FiDs] 
870. , 269.98 | 

856. 287.97 | 

850. | 295. | bF,’-a?F; 


2% 90 90 90 90 


837.90 | | 11, 311. 

835. 2 , dl5. | bF,’—a'Fs 
819. , 330. § | ¢c4Ge’—m5 

779. | | , 387, | 
774. | 393. c4 D,’/-[4D4,'P3] 


772. | 2 | 11,396. 

766. | 11, 403. § c*Dy’-[*Ds] 

759. | 11, 412. | 
oF -[FsD3] | 


2 .90.90.99 90 90.90 90 90 
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TABLE 4.—Wave lengths in the infra-red spectrum of cobalt—Continued 





| 


Aair I. A. Intensity | Yvac Cm~! Term combination | 


—— | $$ | — —— 


| | | 
56 | g | 11,431. 24 b'G;’-o'F, 
°37 | 10 | 11) 432. 79 
-27, | 40 | 11, 447.32 
: 2 | 11) 453.6 


2 | 11,461. 96 
3 | 11,519.37 
. 02 20 | 11,524.19 | a@D,’/-a'F; 
02 2 | 11,526.85 


. 06 80 | 11, 542. 76 b?D;-a?D,’ 
. 14 3 | 11, 546. 66 bD.-b'F,’ 

ae 3h | 11, 549. 85 
e 2 4 | 11,559.14 | a?P,-a‘D,’ 


. 12 














4. NICKEL 


All of the known and classified lines (1,071) of Ni 1 were published 
by Russell in 1929,” but only a dozen lines had been observed photo- 
graphically beyond 8,700 A. The new results obtained with xeno- 
cyanine plates appear in Table 5, in which the combinations have all 
been derived from Russell’s term tables. The infra-red, as well as 
other portions of the Ni1 spectrum, appears to be less complex than 
Co 1, and relatively simple compared with Fe 1. Almost all of the 
new lines have been accounted for, and the analysis of the Ni 1 spec- 
trum may be regarded as very nearly completed. 

The infra-red are spectrum of nickel was investigated radiometr- 
cally by Randall and Barker,” and in the range 9,520 to 10,980 4 
six lines coincide, within the errors of measurement, with the strongest 
we have recorded photographically. Comparison of our intensity 
estimates with their galvanometer deflections indicates that the photo- 
graphic sensitivity of xenocyanine plates for wave length 11,000 A1s 
approximately 5 per cent that for wave lengths below 10,300 A. 


12H. N. Russell, Phys. Rev., vol. 34, p. 821, 1929. 
43H. M. Randall and E. F. Barker, Astrophys. J., vol. 49, p. 55, 1919. 
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TABLE 5.— Wave lengths in the infra-red spectrum of nickel 





Aair I. A. 


Intensity 


Yvac CM™! 


Term combination 





10, 979. 
10, 891. 
10, 762. 
10, 530. 
10, 378. 


10, 330. 
10, 321. 
10, 302. 
10, 295. 
10, 226. 


10, 193. 
10, 145. 
10, 061. 
10, 048. 
9, 898. 


9, 842. 
9, 710. 
9, 689. 
9, 520. 
9, 447. 


9, 396. 
9, 385. 
9, 258. 
9, 196. 
9, 106. 


9, 085. 
9, 078. 
9, 058. 
9, 005. 
8, 982. 


8, 968. 
8, 965. 
8, 954. 
8, 877. 
8, 862. 


8, 824. 
8, 809. 
8, 770. 
8, 716. 
8, 706. 


8, 702. 
8, 688. 


8, 661. 
8, 637. 


8, 606. 
8, 598. 
8, 586. 
8, 580. 





8, 680. : 


lh) 
Ke wOOoO 


— — 
NeKNOoO ANF OO 








9, 105. 
9, 179. 
9, 289. 
9, 493. 
9, 632. 


9, 677. 
9, 686. 
9, 703. 
9, 710. 
9, 776. 


9, 807. 
9, 854. 
9, 936. 
9, 948. 
10, 099. 


10, 157. 
10, 295. 
10, 317. 
10, 501. 
10, 582. 


10, 639. 
10, 651. 
10, 797. 
10, 871. 
10, 978. 


11, 003. 
11, 011. 
11, 036. 
11, 101. 
11, 129. 


11, 147. 
11, 150. 
11, 164. 
11, 261. 
11, 280. 


11, 329. 
11, 348. 
11, 398. 
11, 469. 
11, 483. 


11, 487. 

11, 506. 12 
11, 517.3 
11, 541. 71 
11, 574. 86 


11, 616. 
11, 626. 
11, 643. 
11, 651. 


y® D3-e Ds 
y F3-e D, 
y® Dj-e® D, 
y F3-eD; 
yFj-e D; 


y* F3-e D, 
ue F3—g F; 
y* Dj-e® D, 


uw D3-g° Fs 


z'Pj-eD, 
y® Dj-e' D, 
yGi-¢'F; 
y’ D3-eD, 
y* D3-e'D, 


















y° D;-f'F; 
z' D3-g° Fs 
yF3-eD, 
oF3-g Fy 


y®F3-e!D, 


aG.-y Fj 
wk -gF, 
2G3-eD; 
wF}-f'F; 
w'D3-f1F 3 
z'Pi-e D, 


¥G3-gF, 
y>F3—-e! D, 
z!D3—e?D; 
yG3-'F3 
z!Pj-e'D, 


z!D3-éD, 
a'G.-y8 D3 
uw Dj-g Fy 


aG.-2z2'Gj 


2iF3-eD; 
Dig F, 


2Gj-é&D; 
z'D3-j'F; 
y>Gi-h' Fy 
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5. ZIRCONIUM 


About a year ago Kiess and Kiess'* published an analysis o/ 
Zr 1 based on a list of approximately 1,600 wave lengths measured at 
the Bureau of Standards. To this list, which terminated at 9,276 A. 
we are now able to add the lines given in Table 6. All of the strony 
lines and many of the fainter ones are accounted for as combinations 
between the terms given in the paper cited above. No new terms 
have been revealed by these supplementary observations, althoug) 
several metastable terms arising from the configuration 4d‘ are stil| 
to be found. 

A conspicuous feature of the infra-red Zr spectrum is a group o! 
bands, shaded toward longer wave lengths, lying between 9,300 and 
9,500 A. No regularities have been detected among these bands that 
will relate them to the systems recently described by Miss Lowater." 
The wave lengths, estimated intensities, and wave numbers of the 
heads of these bands are given in Table 7. 


TABLE 6.— Wave lengths in the infra-red spectrum of zirconium 


Asir I. A. | Intensity Vvac Cm~! | Term combination | 


| 
| 
| 
| 10, 738. 94 


1 9, 309.36 | a®D;-y° Fj 
10, 696. 67 | 1 9,346.14 | aGs-2G3 | 
10, 654.11 | l 9,383.48 | aGy-2G% 
10, 551. 46 | 1 9,474.77 | a@D-F3 
10, 515. 86 | 1 9, 506. 84 BE 2G} 
| 10,433.73 | 1 9, 581. 67 | 
| 10,328.41 | l 9,679.38 | aDs-yD; 
10, 242.85 | 2 9, 760.24 | aF.—25G3 
| 10,210.44 | 10 9,791.21 | a®Gs-2G5 
| 10, 199. 42 | 4 | 9,801.80 | BF -2G; 
| | 
| 10,105.30 | 1 | 9,893.08 | BF,-2G3 
| 10,084.70 | 12 9,913.30 | aF\-25G3 
| 10,045.15 | 3 | 9,952.33 | aF;-25G3 
10, 028. 68 | 2 9, 968. 67 cP,-a D3 
| 10,016.97 | 2 | 9,980.33 | 


9,990.44 | 1 10, 006. 83 | 

9, 958.58 | 2 | 10,038.84 | 

9, 928. 53 | 1 | 10,069.22 | 

9, 909. 76 | 3 10, 088. 30 | , 
9, 822.30 | 20 | 10,178.12 | a®F-25Gs 
9,820.42 | | 10, 180. 07 aFy-2Gi 


3 | 
9,812.85 | 10 | 10,187.93 | BF s-2G; 
9,792.74 | 6 | 10,208.85 | BF,-2G3 
9,780.40 | 18 | 10,221.73 | BF 2G 
9,773. 30 | 0 | 10, 229.15 


| 9, 666. 82 | 
| 9,547.26 | 2 
| 9, 493.47 | 


| 
1 | 10,341. 83 
5 | 10,471.34 | aSF,-25G; 
1 | 10,530.67 | @P,-yP3 
9, 483. 35 3 
9, 441. 26 1 


| 10, 541. 91 
| 10, 588. 90 





14 B.S. Jour. Research (RP296), vol. 6, p. 621, 1931. 
18 Proc. Phys. Soc. (London), vol. 44, p. 51, 1932. 
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TaBLE 6.— Wave lengths in the infra-red spectrum of zirconium—Continued 





s of i $$ on 
ad ue Agir I. A. Intensity vvac cm™~! | Term combination | 





6A ——__—_—_—— deve de penaeiridercreliegoeniiony 
rong 9, 438. 10, 592. 17 
tions 9, 419. 10, 613. 5: eP,—-yP3 
erms 9, 405. 10, 629. 
ouch 358. 10, 682. 
oe 9, 352. 10, 689. 
stl 
, 318. 10, 728. 
ip of , 290. 10, 760. 
ad , 276. 10, 776. aF.—2C3 
that : 251. 17 10, 806. « abkGy-yF3 
ter." QAO RE 2 cP,- w Fs 
ea | 9, 242. 65 | 10, 816. (orcs yD 
| , 229. 33 10, 832. 





182. 30 10, 887. 
171. 50 ‘ 10, 900. 3! eG.y' D3 


, 140. 40 10, 937. 44 
’ 139. 36 10, 938. aH ys 
134. 23 10, 944. 83 
1g | SOF -2Fs 

099. 90 10, 986. 12 (Get 


, 069. 41 1 
, O15. 16 1 
, O11. 34 1 
, 975. 78 ] 


1, 023. 05 eH s-yGj4 
1, O89. 39 @F;—25G3 
l 
1 








094. 09 aG;- FS 
, 138. 05 | CP Fy 





os 


TaBLE 7.—Infra-red zirconium bands 


Intensity | Pvac i” | Intensity | Vyac cm=! 


10, 541.69 || 9, 397.21 | a 10, 638. ! 
10, 549.36 || 9, 387. 26 2] 10, 649. &: 
10, 575.14 |} , 370. 74 3 | 10, 668, 5 
10, 585. 91 9, 360. 34 S 4 10, 680. 4: 
10, 592. 29 , 358. 3% 10, 682. 7 





— a et BD 


10, 599.58 || , 356.12 | 3 | 10, 685. : 
10, 621. 79 9, 343.19 | 10, 700. 0! 
10, 625. 30 329. 9: 5 | 10, 715. % 
10, 632.17 || , 315. 87 10, 731. 4: 
10, 634.15 || 9, 299.56 | 5 | 10, 

| 


hh tw 


9, 401. 09 














IV. CONCLUSION 


The data presented in the tables of this paper furnish ample proof 
of the effectiveness of xenocyanine in bringing into the domain of 
precise measurement a region of the spectrum heretofore accessible 
only with radiometric devices. Their application to the investigation 
of the structure of near-infra-red band spectra, a problem in which 
great efforts are being made to secure the advantages of increased 
resolving power, is obvious. In astrophysics the identification of 
unknown lines in the spectra of the sun and stars is advanced by each 
extension of our knowledge of the emission spectra of the elements. 
Reference to the Revision of Rowland’s Preliminary Table of Solar 


132919—32——4 
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Spectrum Wave-Lengths ' will show that several of the unidentifie 
infra-red solar lines are due to the five elements whose spectra ar 
described above. Both Ti and Fe are rich in strong lines in the 
region from 9,000 to nearly 11,000 A and may be used to supply 
comparison spectra for observations made with dispersing systems 
other than concave gratings. However, the values of the Fe waye 
lengths to be used as standards of reference may be calculated from 
the terms determined by interference methods more accurately than 
the observed values given in Table 3. 

As stated above, we have completed a survey of the infra-red spect 
of about 50 elements. We shall present the new wave lengths in 
subsequent papers in this Journal as soon as the data have been con- 
piled for publication. 


WASHINGTON, June 21, 1932. 





% Carnegie Institution of Washington, Publ. No. 396, 1928. 
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tems IRON ALLOYS AND OF SOME ALLOY STEELS AT ELE- 
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than By William Kahlbaum! and Louis Jordan 
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,0m- The tensile properties as measured in ‘‘short-time”’ tests were determined for a 
medium-manganese steel at 900° F.; for a series of cast nickel-chromium-iron 
alloys containing about 0.5 per cent carbon, 35 per cent chromium and from 
10 to 45 per cent nickel, at a temperature of 1,550° F.; and for three tungsten- 

— chromium-vanadium steels and four molybdenum-chromium-vanadium steels at 
temperatures of 850° and 1,000° F. 
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I. INTRODUCTION 


The most recently published report by the Bureau of Standards 
on the so-called short-time tensile properties (that is, the strength 
under relatively rapid loading) of steels at elevated temperatures ” 
gave data on several groups of low-alloy steels. Among these were 
tungsten-chromium-vanadium steels with and without the addition 
of silicon or aluminum. ‘Tests were also reported on wrought chro- 
mium-nickel-iron alloys containing approximately 10 per cent 
chromium and from 25 to 60 per cent nickel. The present report 


deals with the tensile properties, as determined by short-time tests, 
ofsome additional similar steels and alloys. 


II. MATERIALS 


The materials tested consisted of (1) a steel in some respects similar 
to the 0.45 per cent carbon “‘boiler drum” steel included in the pre- 
ceding paper,’ but containing in the present case 1.08 per cent manga- 
hese; (2) a series of five cast nickel-chromium-iron alloys, all containing 
about 35 per cent chromium and from 10 to 45 per cent of nickel; (3) a 
series of three tungsten-chromium-vanadium steels and (4) a series of 
four molybdenum-chromium-vanadium steels. The chemical com- 
positions of these materials are given in Table 1. 





' Research associate, The Midvale Co., Philadelphia, Pa. 
_' William Kahlbaum, R. L. Dowdell, and W. A. Tucker, The Tensile Properties of Alloy Steels at 
1 14d Temperatures as Determined by the “‘Short-time”’ Method, B.S. Jour. Research, vol. 6 (RP 270), 
p. 199, 1980, 

See footnote, 2. 
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TABLE 1.—Chemical composition 
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mn Soca ED ERIE see iia Fo oat Desens, Reais 
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| Per | Per | Per | Pei FS. | Fe Per | Per | Per 
; cent | cent | cent cent | cent | cent | cent | cent | cent 
Carbon steel (medium | 8/1819... | 0.40 | 1.08 10.0387 10.034 | 0.23 [.....-]......]...... ee 
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‘| . 57 ‘e $3 due peor 106: 06,2 £740.23 [....../... 
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“oa chromium - iron | 54] .63 ae 2 1.13 | 36.9-| 30.1 [2222 22)7° 
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st Sa | 1.15 | 38.5 | 45.2 }-.--_| 
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Tungsten - chromium-va- 4 :- Res bebe +4 . 2 |------] O28 Ln 
nadium steels. pt an eee impeete ber: 2:28 j--nae - 8B) 228 |.. 
} » 62 | 1.02 |-- ho Attabidd | 17 | 1.68 aaisieeet ~ 26 | 2.17 |. 
| 20} 045 |.2.222). 22} 655 | 1.55 fee. WP le..23 
Molybdenum + chromium- Be FBS. og eern f |} .18}| 1.47 | webbie . 22 |. 
vanadium steels. .31 | 1.38 | oe $e 5 ee 29 |.- 
ar | 2.23 |. | 1,33 | 1. 28 8 














III. METHOD OF TESTING 




















The equipment and the method used for the short-time tension 
tests have been described and illustrated previously.*® All of the 
tests were made with a hydraulic testing machine, and measurement 
of strain were made with a Tuckerman optical strain gage.° 

As in one previous work, a thermocouple mounted in the fillet of the 
0.505-inch diameter test bar was used for measuring the temperature 
of the specimen. The temperature gradient from the center to either 
end of the gage length of the test bar was approximately 13° F. (7° C. 

Proportional limits were determined by plotting the differences 
between observed and calculated strain and taking astrain of 1 x 107 
as indicating departure from a straight line.’ 


IV. RESULTS AND DISCUSSION 
1. MEDIUM-MANGANESE STEEL 


The data from tests of the 0.4 per cent carbon medium manganese 
(1.08 per cent) steel at room temperature and at 900° F. are given in 
Table 2. The point of chief interest in these results lies in the com- 
parison they afford with similar tests made in previous work * on a 0): 
per cent carbon steel (boiler-drum steel) containing only a norms! 
proportion of manganese, namely, 0.55 percent. These previous tests 
of the lower manganese steel showed that it maintained a proportions 
limit of approximately 15,000 lbs./in.? from 600° to 750° F., but that 
oe ,Proportional limit’ decreased noticeably, to 11,000 or 12, 000 Ibs. 

2, at a temperature of 800° F. The higher manganese steel had s 
eucgortiinal limit of 15,000 to 16,000 Ibs./in.? at 900° F., fully 150° F 
higher than the temperature at which the lower- manganese ‘steel had 
an equivalent proportional limit. The higher manganese steel did 
not, however, show a corresponding superiority in tensile strength over 
the lower manganese steel at the elevated temperature. 


—— 





‘H. J. French, Methods of Test in Relation to Flow in Steels at Various Temperatures, Proc. Am. 5 
Test. Materials, vol. 26, Pt. II, p. 7, 1926; also Eng. News Record, vol. 97, p. 22. 
5H. J. French, H. C. Cross, and A. A. Peterson, Creep in Five Steels at Different Temperatures, B.° 
Tech. Papers, No. 362, 1928. 
6 L. B. Tuckerman, Optical Strain Gages and Extensometers, Proc. Am. Soc. Test. Materials, vol. 23, P!. 
II, p. 602, 1923. b 
TE B. Tuckerman, Discussion of paper by R. L. Templin, Proc. Am, Soc, Test, Materials, vol. 29, | 

II, p. 538, 1929. 
§ See footnote 2, p. 327. 
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Tensile properties of a medium manganese steel at elevated temperatures 
as determined by short-time tests 





T 
| 


| Tem- | | i 
| 
TL 


| 

| 
Reduc- | 
tion of | Heat treatment prior to testing 
area 


Modulus | Elonga- 
of elastic- (ton in 2) 
t \" inches 


| Pronor- 

| pera- | Pro por 

| ture of | 
test 


Tensile 


tional | strength 
| 


limit | 
| 


| 
| Lbs./in.2 | Lbs./in.2 | 
232,000 | 86,000 |..-..---.-| one 5 | 53.9 |)1,600° F., 12 hours, air cooled; 
16,000 | 59, 500 | 21. 25. 5 | 61.3 mee f,, 10 hours, cooled 
900} 15,000] 61, 000 | 25.0 60. 6 Is lowly. 
j j 


| 
| | 





see Table 1 for chemical composition. 
rmined by the Midvale Co. A strain of 5X10 ~-5 taken as indicating departure from a straight line. 


2. NICKEL-CHROMIUM-IRON ALLOYS 


The results of short-time tensile tests at 1,550° F. of cast nickel- 
chromium-iron alloys are given in Table 3. These alloys contained 
from 0.4 to 0.6 per cent carbon and about 1 per cent silicon and 35 
er cent chromium. The nickel content of EE1522 was approxi- 
nsionfmmately 10 per cent and this increased to about 45 per cent in the last 
f thelmmalloy of the series, EE1526 
neni «This series showed no significant differences in the proportional 
limits of the various alloys at 1,550° F. There was, however, a pro- 
f thef/eressive increase in the ductility of the alloy as the nickel content 
iturefmncreased from 10 to 45 per cent, and above 30 per cent nickel there 
ither ME Was a noticeable decrease in tensile strength. 
¢. lt is in this case also of interest to recall the results of short-time 
nes met isile tests given in a previous report ® for nickel-chromium-iron 
107° all loys containing 10 per cent chromium and either 35 or 57 per cent 
‘kel. Only a very general correlation is possible as the earlier tests 
ere made with maximum testing temperatures of only 1,360° F. as 
tahoe with 1,550° F. for the more recent tests; the alloys tested 
n the earlie r work were rolled material and in the later work were 
“as cast’’; and also the high-nickel alloy of the earlier work contained 
nese MmeoVer 3 per cent tungsten. 
a 
rom: MEE ABLE 3.—Tensile properties of cast nickel-chromium-iron alloys at 1,550° F. as 
2 04 determined by short-time tests 
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| Ofelas- | tion in 2! tion of 
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ona ase tea “n strength 








that 
lbs Lhs./in.2 | 
: Ubs./in.2 vbs./in.? | Per cent 
ad a —_ § 6 | 25 
°F 2.5 
, 3.0 
arta tiscseesep reece ettenneee ih toe 4.0 
LD | ’ } 
did PEIR0 } 49, 000 | 3. .0| 
y ) 4 55, 000 | | 5.0 
OVE Ba eis 44, 000 8.5 
41, 500 | 12.7 | 5 
— BEBE E159 33, 500 | 0} 5.5 | 
1, So re See 39, 000 | 


B.8 - ie —_——— 





‘ee Table 1 for chemical compositions. 


See footnote 2, Pp. 327 
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Nevertheless, it is to be noted that the tensile strengths of the ¢ cast 
alloys of the present series, containing 35 per cent chromium and 
either 10, 20, or 30 per cent nickel, were of the order of 50,000 lbs. jin: 
and the proportional limits of the order of ! 5,000 to 7,000 Ibs./in? at 1,550° 
F. as compared with tensile strengths of only 35 >, 000 to 40,000 Ibs. in: 
and proportional limits of 5,000 to 6,000 lbs./in.? at 1,360° F. for rolled 
alloys containing 35 per cent nickel and 10 per cent chromium. 

Increased proportional limits and tensile strengths in alloys of this 
type at temperatures of 1,300° to 1,500° F. appear to result from a 
increased chromium content rather than an increased nickel conten, 
With this increase in strength, there is also noticeably less ductility x 
measured by elongation and reduction of area. 


3. TUNGSTEN-CHROMIUM-VANADIUM STEEL 


The chief differences in the chemical compositions of the thie 
tungsten-chromium-vanadium steels (Table 1) were that the first of 
the series (HF-1/169) had a tungsten content of only 1.70 per cent, 
which was somewhat below the normal composition of the series; the 
second of the series (HF-1/167) may bé considered of the normal 
composition, namely, about 2% per cent each of chromium and tur. 
sten; the last steel of the group was low in chromium (1.63 per cent 
but also had a manganese content (1.02 per cent) distinctly higher 
than the normal for the group. 

All of these steels were tested after normalizing from 1,700° F, 
hardening, and tempering at 1,200° F. The hardening treatment 
consisted of air quenching from a temperature 50° F. above the upper 
critical temperature of the individual steel. The exact temperatures 
are shown in Table 4. 

The results of the short-time high-temperature tests of these steels 
(Table 4) did not show any very striking differences in the behavior of 
the three steels. On the whole, the steel containing 1 per cent 
manganese (HF-1/168), with the lower chromium and the normil 
tungsten content, appeared to be superior with respect to the mainte- 
nance of a high proportional limit at elevated temperatures. 


TaBLE 4.—Tensile properties of tungsten-chromium-vanadium steels at elevated 
temperatures as determined by short-time tests 
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| 


aor 





———_—__-— ——————<_—$—$———_— Sigil datas 
| Tem- > | Modu- |], | 
; ; [ets Propor- | moncita | tne Elonga-! Reduc : 
Designation! | ,Pe@ | tional Tensile lus of | tion in | tion of Hardening heat treatment’ 
ture of | strength | elastic- |, : 
t limit +¢<,  j2inches| area 
est | ity 
; Lbs./in.? 
fi | Lbs./in.2 | Lbs./in.2| 108 |Per*cent| Per cent 
f 70 | 392,000 ot { ae 20, 2 62. 6 | F 
BP =1/100........-. 850 32, 000 86, 000 25. 2 22.0 64.7 |$1,515° F., 30 minutes, air co 
‘| 1,000! 26,000] 71,500] 221| 23.5% 72.9|/ 
au 
70 | ¢ 107, 000 Sf 2 19, 2 59. 9 } sl 
HF-1/167......- ig 850 30,000 | 98, 500 23. 6 21.5 62.3 |>1,510° F., 30 minutes, air coole 
1, 000 16, 000 77, 500 22.1{ 23.0 70. 1 [ 
55.7 | 











1 See Table 1 for chemical compositions. 4 
2 All specimens were normalized before the hardening treatment and tempered after the bh ardel M 
treatment indicated in the last column of this table. In all cases the normalizing treatment consiste¢, 
heating at 1,700° F. for 30 minutes and cooling in air; the tempering treatment, of heating at 1,200° F ' 
30 minutes and cooling in air. ’ 
+ Determined by The Midvale Co. A strain of]5X10~5 taken as indicating departure from’a straight lit 
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Jordan 
4. MOLYBDENUM-CHROMIUM-VANADIUM STEELS 


The molybdenum-chromium-vanadium steels are listed in both 
Table 1 and Table 5 in the order of increasing manganese content. 
The second steel of the series differed from the first in that it had 
slightly higher carbon (0.29 per cent) and manganese (0.88 per cent) 
contents than the first steel of the series (0.20 per cent carbon, 0.45 
per cent manganese). This difference in composition apparently ac- 
counted for a ‘distinctly higher proportional limit and tensile strength 
in the steel of higher c arbon and manganese contents at temperatures 
of 850° and 1,000° F. Further increase in the proportion of man- 
ganese, and also of chromium, in the third steel of the series (HF- 

1/177) resulted i in a still higher proportional limit at 850° F., but pro- 
decal no increase in either proportional limit or tensile strength at 

1,000° F. The fourth and last steel of this series had the highest 
manganese content of all (2.23 per cent), about double the moly tb- 
denum content (1.00 per cent) of the other steels, and a high silicon 
content (1.33 per cent). This steel had tensile strengths, at the high 
temperatures, equivalent to or higher than the other steels of the 
series. Its proportional limit at 850° F. was also high. Its proportional 
limit at 1,000° F., however, failed to show an equivalent increase 
and was only of the order of the proportional limit of the first steel 
of this series, the low-carbon, low-manganese composition, at the corre- 
ft pe temperature. In previous work it has been observed that 

5 per cent silicon had a very marked effect in lowering the propor- 
oad limit of a tungsten-chromium-vanadium steel at about 
1,000° F. 


TAsLtE 5.— Tensile properties of molybdenum-chromium-vanadium steels at elevated 
temperatures as determined by short-time tests 
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3 60, 000 i. ) 24.7 66. 2 
25, 000 83, 000 24. 7 23. 67.5 
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1,490° F., 30 minutes, air cooled. 


3 80, 000 bf ee 20. 65. 
32, 000 96, 000 24. 1, 67. 
26, 000 81, 000 . 23. 74. 


1,460° F., 30 minutes, air cooled. 


3 75, 000 Ba GOO bewecescss 
ee : 37, 000 97, 000 24.8 20. 60. 
25, 000 71, 500 20. 2 


374,000 | 124,000 |.......--- 
peneats 36,000 | 104, 000 
20, 000 78, 500 


foe F., 30 minutes, air cooled. 
-_ F., 30 minutes, air cooled. 


oe we Ww aac 























‘See Table 1 for chemical compositions. 
All specimens were normalized before the hardening treatment and tempered after the hardening 


tre atment indicated in the last column of this table. In all cases the normalizing treatment consisted of 


Ung at 1,700° F. for 30 minutes and cooling in air; the tempering treatment, of heating at 1,200° F. for 30 
minutes and cooling in air. 


«Determined by The Midvale Co. A strain of 5x 10% taken as indicating departure from a straight 


” See footnote 2, p. 327. 
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V. SUMMARY 


















Short-time tensile tests at elevated temperatures were made of , 
medium-manganese steel; of a series of cast nickel-chromium-iroy 
alloys containing about 0.50 per cent carbon, 35 per cent chromium, 
and nickel from 10 to 45 per cent; and of two series of low-alloy steels 
namely, tungsten-chromium- vanadium and molybdenum- chromium. 
vanadium steels, all normalized, hardened, and tempered at 1,200 °F. 
2. The medium- -manganese steel (1.08 per cent) had a proportional 
limit of 15,000 to 16,000 lbs./in.? at 900° F. This is fully 150° F, 
higher than the temperature at which a 0.55 per cent manganese 
boiler-drum steel of the same carbon content (0.4 per cent carbon 
possessed the same proportional limit. 
3. The nickel-chromium alloys showed no marked change in 
proportional limit at 1,550° F. over the range of composition studied, 
With nickel contents over 30 per cent tensile strengths of the alloys 
decreased noticeably and the ductility increased. 
4. A medium-manganese content (1.02 per cent) in one of the steels 
of the tungsten-chromium-vanadium series was accompanied by 
proportional limits as high as or higher than in the other steels of the 
series. 
Increased manganese contents (up to 1.4 per cent) in the 
molybdenum-chromium-vanadium steels resulted in higher propor- 
tional limits at 850° and 1,000° F. A steel having a still higher 
manganese content (2.23 per cent) accompanied by high silicon (1.33 
per cent) and 1.00 per cent molybdenum had a high proportional 
limit at 850° F., but a comparatively low proportional limit at a 
temperature of 1,000° F. Similarly, low proportional limits at 
1,000° F. were observed in previous work with tungsten-chromium- 
vanadium steels having a high silicon content (1.25 per cent Si). 


WASHINGTON, July 6, 1932. 
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a THE COMPARISON OF HIGH VOLTAGE X-RAY 
um. GENERATORS 


teels, ' 
ium. By Lauriston S. Taylor and K. L. Tucker ' 
°F. 
lonal 
)° F. ABSTRACT 


SA 
It is shown that when measurements are made in the customary manner, the 
X-ray emission of a tube operated on two mechanical rectifiers may differ by 
+20 per cent, although the electrical indications are the same. This also applies 
@ in to quality evaluations whether of the full absorption curve, half-value layer or 
died Mm ciective wave-length type. 
flaw _ Determinations of percentage depth dose do not show any such marked 
J differences since this is a comparatively insensitive indicator. It is seen, more- 
over, that there is little gain in percentage depth dose in going from 160 to 200 
teels ky peak; the only change of significance being in the actual 10 em depth dose. 


| by It is shown on the other hand, when the potential of three generators including 

f the onstant potential is measured in ‘‘effective kilovolts,”’ that for the same effective 
the voltage the outputs for a given filter are all very ne¢ arly the same, both as regards 
ensity and quality. 


the 

pal 

cher CONTENTS 
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onal Se a ee ie ee 4 ee ee eee 
at a Il. Intensity measurements in air___----~---- eaieebuieate © ease 

s at BS ae 
ie V.' Depth dows measurements. 605 4. 2220s. eos se. ee ak 
}um- . Half-value layers and true effective wave lengths__ 
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I. INTRODUCTION 


In the technical and clinical use of high voltage X rays, a wide 

ariety of generators have come into common use. ‘To save strain 
on n the X-ray tube, unidirectional voltage, obtained by mechanical or 

y thermionic rectifiers, is usually applied. Since the rectification 

aracteristics of such generators differ widely, there has been con- 
siderable confusion as to their relative effectiveness in producing the 
desired therapeutic or technical results. 

Experience in this laboratory has led us to the conclusion that, 
due largely to the lack of properly controlled experimental conditions, 
comparisons between X-ray generators which have been made in the 
past, are of questionable soundness. For example, we have found 
that a different X-ray emission, as expressed in terms of tlfe ionization 
ee ed in air, is obtained from a given tube and generator when 

her the aerial system or the tube inclosure is changed. 

lt was decided, therefore, to make a careful comparison of several 
typical X-ray generators having as few variables as possible and yet 
inder as nearly clinical operating conditions as obtainable 1 in a labe ora- 





Research associate, Radiological Research Institute. This work was started by K. L. Tucker, who, by 
n of illness, was obliged to withdraw from active participation before the experimental work was 
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tory. For the most part, the various quantities were measured jp 
the same units and in the same manner as in the clinic so that the 
results may be readily interpreted in commonly used terms. 

The physical equality of X-ray beams produced by different 
generators, so far as concerns therapeutic application, has been shown 
to be based on 10 or more factors.” icluded in these are tube 
current, tube voltage (peak), filter, quality (H. V. L. or d,),? Réntgens 
per minute delivered by tube,‘ and percentage depth dose.® 


II. APPARATUS 


Three generators, A, B, and C, were chosen as typical. A and B 
were rated to deliver full wave 220 to 230 kv (peak) at 30 ma (milli. 
amperes). C was rated to deliver 200 kv (peak) at 10 ma. A wasa 
mechanical rectifier having a single high-tension transformer and 
rectifying approximately 30° of the cycle. B was a mechanical 
rectifier having a divided secondary high-tension transformer and 
rectifying approximately 20° of the cycle. C was a valve tube and 
condenser ripple potential generator (so-called constant potential 
having a ripplage® of only about 1.5-2 per cent per milliampere, 
and hence an X-ray emission not differing appreciably from strictly 
constant potential. 

Any one of the three generators could be connected to the same 
overhead system without changing its capacitance. As will be shown, 
this is essential. The X-ray tube was of the Coolidge type, having 
thin walls. Since tubes of the same design vary slightly, a single 
tube was left in position for the six months during which the measure- 
ments were made. It was inclosed in a rectangular ¥-inch lead box, 
4 by 4 by 7 feet, having forced ventilation. Previous experience 
indicated that X-ray tubes operate more smoothly in unconfined space 
than in some of the conventional tube drums. For example, it was 
found that for a tube operating at 200 kv (peak) a spacing of about 12 
inches from center to ground wall produced unsteadiness, whereas an 
18-inch spacing appeared sufficient to avoid such difficulty. Accord- 
ingly, we used the 24-inch spacing and had no difficulty with tube 
unsteadiness at voltages up to 230 kv (peak). 

Control of the tube with generators A and B was observed by 
means of a d. c. milliammeter in the high-tension circuit and a wide- 





2E. A. Pohle, Am. J. Roent., vol. 18, p. 55, 1927. 
3 The half-value layer (H. V. L.) in copper or aluminum is a measure of the ‘penetrating power’’ of a1 
X-ray beam. It is defined as the thickness of copper (or aluminum) which interposed in an X-ray beam 
reduces its intensity to one-half its initial value (as measured in terms of air ionization). j 

The effective wave length of an X-ray beam is the wave length of the homogeneous radiation having th: 
same absorption coefficient in copper (or aluminum) as the heterogeneous radiation in question. (See dis- 
cussion of various methods of expressing X-ray qualities in a paper by L. 8. Taylor, B. 8. Jour. Research, 
vol. 5 (RP212), p. 517, 1930.) 

4 The “Réntgen” (r), is defined as the quantity of radiation which, when the secondary electrons are 
fully utilized and the wall effect of the chamber is avoided, produces in 1 cm} of atmospheric air at 0° C., 
and 76 cm mercury pressure such a degree of conductivity that one electrostatic unit charge is measured at 
saturation current. } 

5 The “‘ percentage depth dose”’ is the ratio of the X-ray intensity as measured at a given depth in a body 
of homogeneous material, to the intensity as measured at the irradiated surface. It must be recognized thal 
these intensities are measured in terms of Réentgens per minute and hence do not give true indications 0! 
the energy absorbed in a given volume element. st 

6 Up to the present the term ‘‘constant potential’? has been used carelessly in describing the potentia 
supplied by kenotron or other valve tube rectification. We will use a more accurate designation of voltages 
which are actually not constant but fluctuate about a certain average value. Thus by a “ripple quantity 
(potential or current) is meant a simple periodic quantity 


y= Vot+Vi sin (wr+ay)+ Va sin (Qur7+an)+ ... 


in which the constant term (V9) is so large that all values of the quantity are positive (or negative). The 
amount of ripple (‘‘ripplage’”’ or ‘‘ripplance’’) in a ripple quantity is the ratio of the difference between 
the maximum and minimum values of the quantity to the average value. 
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scale voltmeter connected directly across the transformer primary. 
Duplication of results over a period of months indicated that this 
control method was sufficient. In the case of the generator C (‘‘con- 
stant potential”) the control was effected by means of a shielded 
jigh-tension voltmeter ’ connected directly across the tube leads. 

Peak voltage was measured with a sphere gap in all cases. Average 
voltages were measured by means of the high-tension voltmeter, which 
in the case of generator C’ gave readings very slightly less than those 
of the sphere gap, depending upon the tube current. Since the recti- 
feation characteristics of generators A and B vary with load, this was 
kept constant at 4 ma (average) throughout the entire work. 

The rectifying switch of generator B was fixed in a permanent 
position on the synchronous motor shaft, so measurements made with 
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FigurE 1.—Diagram of apparatus showing current and voltage measuring 
systems 


Bwere arbitrarily chosen as a basis in comparing with A. The switch 
n A was so arranged that its phase position could be readily changed. 
The positions of the switches were at the points set by the agents of 
the respective manufacturers—presumably best suited for use at 
200 kv (peak). 

_ Ionization measurements were made with a calibrated thimble 
ionization chamber arranged according to the diagram in Figure 1. 
The distance from focal spot to center of the chamber was 104 cm. 
The ionization chamber system was tested for leakage by covering 
the thimble chamber cap with lead and then exposing it to the X-ray 
beam. No leakage was detectable in an exposure time double the 
longest used in the measurements. 





'L. 8. Taylor, B. 8. Jour. Research, vol. 5 (RP217), p. 609, 1930. 
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For depth dose measurements a cubical wax phantom about 35 cy 
on a side was used. Wax was selected instead of water largely fo: 
convenience since its difference from water has been shown 8 io }; 
insignificant. The wax was carved out so that the chamber in the 
surface position was half submerged leaving no air pockets betwee; 
it and the wax. The focal spot-surface distance was likewise 104 ey 
A beam area of 10 cm diameter (78 cm?) at the position of the chamber 
was chosen in order to work with a clearly defined field receiving little 
stem radiation. Table 1 from Grebe and Nitzge shows that within 
wide limits variations of depth dose with quality are independent oi 
the field area. 


TABLE 1.—Relationship between radiation quality and percentage depth dos 
two different field areas 


1, field area 400 cm’; B, field area 50 em 


Per cent depth 
dose 
Ratio | 


mmCu 
2. 00 
lL. 6 
1.0 
.8 
.6 


III. INTENSITY MEASUREMENTS IN AIR 


The curves in Figure 2 give for generators A and B the beam 
intensity measured in air (in arbitrary units) as a function of the 
copper filtration in the beam. Each curve is for a constant peak 
voltage as measured with a sphere gap. It will be noticed that, for 
the same tube current and 200 kv (peak) generator B gives about 20 
per cent more radiation than A while at 180 kv (peak) both are about 
the same. At 160 kv (peak) A has a greater X-ray emission than 3 
and from 140 kv (peak) down both are essentially the same. 

Figure 3 gives a similar set of curves for generator C where the 
voltages are expressed in kilovolts average. The curve for 150 ki 
(average), replotted as the broken line on Figure 2, approximates 
very closely the curve for 200 kv (peak) on generator B. Similarly, 
it will be found for the conditions used here that the other approxi- 
mate intensity equivalents given in Table 2 are obtainable for radia- 
tion filtered through 0.5 mm of copper. , 

Thus to obtain an X-ray intensity of 178 units from any of the 
three generators, through 0.5 mm copper filter, would require that 4 
be operated at 200 kv (peak), B at 189 kv (peak), and C at 142 k 
(average). This is, of course, for the same tube current in all cases. 
Similarly, an intensity of 80 unifs is obtained at 138 kv (peak), 140 
kv (peak), and 99 kv (average), respectively. 


§ Grebe and Nitzge, Strahlen (Sonderbinde), vol. 14, 1930. 
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TABLE 2. 


intensities or qualities 





Bureau of Standards Journal of Research 


—Potentials of generators A, B, and C required to produce equal X-ray 








[Vol. 9 

















Intensity Xe 


ma. V. ds 





to 
on 


_, eh Se ERR. - 2: SEP Cee Ces eae eee wad 200 189 142 
ah: Caio x 200 (190) 15 
eee O 7754 200 195 
ae 200 195 


mmCu 


Absorp- 
tion 
curve 


A 
kv (peak 


B 
kv (peak) 


—$——, 








Kv (averag, 











1 237 
(215) 


200 
200 





















| ee 173 


x (180) 
aes & 178 


180 
180 
180 
180 14 








177 






154 
(150-155) 

153 

154 


160 
160 
160 
160 





































| Ee SR, a Sy se ee. eS a. eee 138 140 y 
; ; X (133-140) 140 (105-1) 
d 525 132 140 112 

| 218 134 140 











1 Extrapolated value, probably too high. 





To obtain some quantitative idea of the effect of shortening the 
aerial system, a section about 12 feet long was disconnected. This 
reduced the capacitance of the high-tension system by about a third 
(from 158yuyf to 110uuf) and caused a noticeable decrease of the 
X-ray emission at the higher voltages and a slight increase at lower 
voltages. It is thus shown clearly that had two different serial 
systems been used comparisons between the two machines would 
have been grossly misleading, favoring one machine at higher voltages 
and the other at lower voltages. 


IV. QUALITY MEASUREMENTS IN AIR 


It is believed that at present the most nearly adequate method of 
expressing the quality of an X-ray beam is to give its full absorption 
curve in copper or aluminum.® This is best done by plotting the 
logarithm of the intensity (or the per cent transmission) as a function 
of the filtration. Itis not possible by this method to express a radiation 
quality as a single numerical magnitude. 

For two radiation qualities to be equivalent, the curvatures of their 
respective absorption curves must be coincident. Where two curves 
do not exactly coincide, the difference in quality must be estimated. 
Wilsey has shown, however, that actual or estimated matching 0! 
absorption curves permits the most accurate reproduction of a givel 
X-ray quality. 

One of the advantages of giving a full absorption curve is that all 
other quality expressions, such as the half-value-layer or effective 
wave length, may be obtained from it. The slope of such a curve at 
any point gives the effective absorption coefficient of the radiation 
corresponding to the particular filter for which the point was chosen, 
and from this in turn may be obtained the true effective wave length 
of the beam.?® 


9E. A. Pohle, and C. S. Wright, Radiology, vol 14, p. 17, 1930. R. B. Wilsey, Radiology, vol. 17, p. 7M, 
31 
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w L. S. Taylor, B. S. Jour. Research, vol. 5, p. 517, 1930. This corresponds to Mutscheller’s ‘average 
wave length.” 
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| X-rq fm Figures 4, 5, and 6 give the copper absorption curves for generators 
‘84, B, and C respectively. These curves are from the same data used 

for Figures 2 and 3. It is significant to note that the 200 kv (peak) 

curve for generator B indicates a generally more penetrating radia- 
‘verae Hi tion than for generator A at the same voltage. At 180 kv (peak) the 
—— qualities are about the same, while at 150 kv (peak) the reverse ob- 
» (gains. From 140 kv (peak) down, the qualities are again roughly the 
(155-10) Hi ame. In other words, as shown in Table 2, the qualities of the radia- 
i” MMtions bear a similar relationship to one another as do the intensities so 
that, for a given peak voltage, and a given filtration, if the radiation 
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g ol Figure 4.—Semilogarithmic copper absorption curve for generator A 
1vel 


emission of A is greater than B the penetration of A is likewise greater 


t all @#than B. It is unsafe to draw any generalization from these results, 
tive MJ but it may be noted that such is roughly the case for all conditions 
e at thus far encountered in this work. 

tion In Figure 6, giving the copper absorption curves for generator C, 


sen, @@ the broken lines are transposed from Figures 4 and 5. It will be noted 

th @% that the 200-kv (peak) curve for generator B (upper broken curve) 
‘corresponds very nearly in slope to the 150-kv. (average) curve for 

70, ge nerator C. (It will be recalled that the corresponding intensit 
curves also nearly coincide.) Similarly, it is found possible to mate 


340 Bureau of Standards Journal of Research (Vols 


the other absorption curves for the different generators and we find 
that Table 2 above for intensity equivalents holds approximately try 
for quality equivalents, also. 


V. DEPTH DOSE MEASUREMENTS 


Measurements of the percentage depth dose were made over the 
whole range of radiation qualities used. Figures 7, 8, and 9 give 
respectively, the surface and 10-cm depth intensities for generators 
A, B, and C. Comparison of the curves for the two mechanical ree. 
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Figure 5.—Semilogarithmic copper absorption curve for generator B 





tifiers shows the same general similarities as were evidenced by the ail 
intensity curves given in Figures 2 and 3. Thus the 200-kv curve for 
generator B (broken line curve in fig. 7) shows a considerably greater 
surface dose than the 200-kv curve for generator A. 

Again the intensities measured at 10 cm depth for the two machines 
are related in the same manner as the air intensities. 

The broken line curves in Figure 8 are intensities for generator 5 
when used with the shortened aerial system. As noted for the ar 
intensity measurements, the long aerial system has a greater X-ray 
emission at 200 and 180 kv and a smaller emission at 160 kv than the 
short aerial system. Below 160 kv there appears to be no significant 
difference between generators. 
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In comparing generator C with A and B, it is found (fig. 9) that 
60.5 kv (average) on C produces slightly greater air and surface in- 
ensities than 200 kv (peak) on generator B while 150 kv (average) 
nn Cis about equivalent to 200 kv (peak) on generator A. Also 140 kv 
average) on C’ is seen to be equivalent to 180 kv (peak) on either 


4 or B. 


Quality measurements as here carried out, with the thimble 
hamber at the phantom surface and at 10 cm depth, have no real 
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FicgurE 6.—Semilogarithmic copper absorption curve for generator C 
Upper broken line curve for generator B at 200 kv. Lower broken line curve for 


generator A at 180 kv. 





nificance in relating the radiation quality in a phantom to that in 
ur. This is because radiation under such conditions contains a major 
oportion of very soft scattered X rays that introduce a large and 
nknown wall correction into the measurements. 
ible to reproduce such radiations entering a standard chamber, the 
timble chamber can not be calibrated for equivalent radiation 


ualities. 











Since it is impos- 


Such curves have significance, however, in comparing radiation 
ualities measured under identical experimental conditions, and as 
ch have been used to compare depth dose qualities, 
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Figures 10, 11, and 12 give the copper absorption (correspondin 
to the intensity curves of figs. 7, 8, and 9) measured at the surfae 
and 10 cm depth for generators A, B, and C, respectively. On th 
assumption that similar absorption curves, obtained under identicg 
conditions, imply equivalent radiations, these curves show precise] 
the same relation between the 10 cm depth radiation qualities for th; 
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Figure 7.—Beam intensities for generator A measured at phantom 
surface (S) and at 10 cm phantom depth (D) 


Broken curve is for 200 kv on generator B measured at surface. 


three generators as was indicated by the absorption curves measure 
in air. 

Percentage depth doses for all the conditions here used may b 
obtained directly from the curves in Figures 7, 8, and 9. It happen 
that the percentage depth dose changes but very slowly with increasil 
hardness of radiation after one or two tenths of a millimeter coppe 
filtration. It also changes but slightly with increase of voltage abov 
160 kv (peak). Consequently, the change in percentage depth dose! 
an Insensitive indicator of radiation equalities. It can not, however! 
be neglected ; since, if two radiations, having otherwise similar prope! 
ties, should differ materially in percentage depth dose, there woul 
be no justification for saying that they were equivalent." 





1 It should be noted that a percentage depth dose is the ratio between two measurements and hence !'s 
error may be considerably larger than the individual errors of the original measurements. 
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The change of depth dose with filtration for the three generators is 
viven in Table 3. It is seen that, while the accuracy is none too good, 
the percentage depth dose with generators A and B are about the 
sme at equal voltages. The depth doses at 160 kv appear to be 
Jightly greater than at higher voltages which is probably unreasonable 
put may be due to small cumulative errors. In comparing generator 
(with the mechanical rectifiers, it is found that the depth doses at 160 
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Figure 8.—Beam intensities for generator B measured at phantom 
surface (S) and at 10 cm phantom depth (D) 


Broken line curves (top to bottom) for surface intensities for same generator except 
with shortened aerial operating at 200, 180, and 160 kv (peak). 


(average) for C slightly exceed those at 200 kv (peak) for A and B 
# likewise the depth doses at 140 kv (average) for C are slightly 
tater than those at 180 kv (peak) for A and B. At 160 kv (peak) 
generators A and B give a slightly greater depth dose than C operating 
tt 120 kv (average). The importance of these depth-dose measure- 
nents rests in their agreement and no inference should be drawn 
ftom the small differences found. 
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TABLE 3.—Percentage depth doses in wax phantom (field 10 cm diameter) for different 
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Fiaure 9.—Beam intensity for generator C measured at phantom 
surface (S) and at 10 cm phantom depth (D) 
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VI. HALF-VALUE LAYERS AND TRUE EFFECTIVE WAVE 
LENGTHS 


The results above have shown that the copper absorption curves for 
the three generators give a fairly reasonable comparison of the result- 
ing tube emission as regards quantity, quality, and depth dose. From 
the curves given, effective wave lengths or half-value layers in copper 
for any desired beam of radiation may be obtained directly. In 
practice, radiation qualities have been variously expressed by either 
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Ficure 10.—Semilogariihmic copper absorption curves for radiation 
measured at surface (S) and 10 cm depth (D) on phantom for 
generator A 


of these two methods. Hence, for facilitating comparisons of the 
radiation output of generators, values of the copper half-value layer 
(H. V. L.) and true effective wave length (A,), covering all the radia- 
tions used in this study, have been plotted in Figures 13 and 14. It 
should be emphasized that the values for mechanical rectifiers are 
likely to vary somewhat between machines and that the values here 
given hold strictly only for our generators. They should, however, 
serve as a fairly close guide. 

Values of H. V. L. and X, also depend upon the thickness of the 
tube wall, this probably accounting for the differences in H. V. L. for 
“constant potential’ reported by several workers. Probably a more 
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serious source of difference between workers lies in their method of 
voltage measurement and in the amount of ripplage present in their 
generator. When using generator C the ripplage was found to be 
about 8 per cent and to vary slightly with voltage. Voltage measure. 
ments were made by means of a shielded high resistance “voltmeter 
multiplier” in series with a d. c. microammeter.” Thus the potentials 
are expressed in average kilovolts whereas the potentials used by other 
workers in measuring H. V. L. were usually, if not always, in peak 
kilovolts. 'To show how various observers agree, their results are 
plotted in Figure 15. There appears to be no systematic difference 
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Figure 11.—Semilogarithmic copper absorption curves for radiation 
measured at surface (S) and 10 cm depth (D) on phantom for 
generator B 


except that Holthusen’s are consistently higher than all others. Our 
measurements fall between the others over a large portion of the 
range covered. 

The ‘quality’ comparisons of the three generators, made from the 
full absorption curves, are borne out very well by the H. V. L. and 
, curves of Figures 13 and 14. For example, an X-ray beam, filtered 
with 0.5 mm copper and having an H. V. L. of 0.75 mm Cu, may be 
obtained with 200 kv on generator A, 195 kv on B, and 160 kv on. 





12 See footnote, 7 p. 335. 
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Again a beam filtered with 0.25 mm copper and having an H. V. L. of 
0.50 mm copper may be obtained with 210 kv on A, 202 kv on B, and 
150 kv on C. We find a similar relationship from the effective wave- 
length curves. Thus a beam filtered with 0.5 Cu and having a value 
of ¥= 0.195 Angstrom may be obtained with 200 kv on A, 196 kv 
on B,and 160kvonC@. Again a 0.25 mm copper filtered beam having 
\,=0.235 Angstrom is obtained by 212 kv on A, 203 kv on B, and 
150kv on C. The agreement of these with the results obtained from 
the H. V. L. curves is probably within the experimental error. 
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FiaurE 12.—Semilogarithmic copper absorption curves for radia- 
tion measured at surface (S) and 10 cm depth (D) on phantom 
for generator C 


VII. VOLTAGE MEASUREMENTS 


A partial explanation, at least, for the variation in X-ray emission 
under apparently identical conditions, is found to lie in the method 
of voltage measurement. The emission of an X-ray tube operating on 
amechanically rectified generator depends upon the wave form of the 
voltage and the voltage-space current characteristic of the tube. If 
the tube current saturation is reached at a comparatively low voltage, 
then the voltage wave form of the generator is the predominant factor 
in determining the tube output. The wave form in turn depends 
upon current load drawn from the generator, the voltage, and the 
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setting of the rectifying switches. It happens that, in general, no 
single setting of the rectifiers will suffice to yield the maximum output 
for all current and voltage combinations. In practice a single rectifier 
setting is used for all operating conditions and as a consequence the 
optimum output is realized only for a narrow range of conditions. 

In measuring the voltage with a sphere gap the peak of the wave is 
the quantity determined, regardless of the wave form. Thus while 
the peak voltage of two waves may be the same, if one is a sharp. 
topped wave form while the other is broad-topped, it is obvious that 
the tube output for the latter will exceed that of the former. This 
condition may be largely met if the generator output voltage be 
measured in effective rather than peak kilovolts. 
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Ficure 13.—Half-value layer curves for generators A, B, and C 


This was readily accomplished by means of the high voltage volt- 
meter described in conjunction with the constant potential generator. 
As used up to the present, the 150 megohm noninductive shielded 
resistor ™ was in series with a d. c. microammeter and thus measured 
average voltage. When the d. c. instrument is replaced by an a. ¢. 
microammeter the potential is measured in effective kilovolts. In this 
work, the latter instrument not being readily available, we used 8 
Kelvin multicellular electrostatic voltmeter to measure the potential 
drop across 75,000 ohms placed in series with the main high resistance. 
The meter then read the voltage across the line. 

In the case of generator C the effective and average voltages are 
nearly identical. However, for mechanically rectified potentials, 





13 These have been described in paper referred to in footnote 7, p. 335. It was found that the separalé 
units making up the final resistor had a very slight negative reactance at 1,000 cycles, 
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FicurE 14.—Effective wave length curves for generators A, B, and C 
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FiaurE 15.—Comparison of half-value layer measurements by 
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the effective voltage is considerably higher than the average. Figure 
16 shows the relation between the peak and effective voltage. for 
generators A and B used in this study. In order to produce the 
same total load on the rectifier as used in the previous experiments— 
thus having nearly the same wave form—the tube current was 
adjusted so that when added to that through the voltmeter (0-1 ma) 
the total was 4 ma. Curves A and B are for generators A and 8. 
respectively, whence it may be seen that for the same peak voltage 
the two systems have quite different effective voltages. 
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Figure 16.—Effective and peak voltage measurements on genera- 
tors A and B 

















That the effective voltage is more closely related to tube output 
than peak voltage may be readily seen. For example, for the same 
200 kv peak, generator B had a greater output; and, as seen in Figure 
16, the effective voltage of B exceeded that of A. Similarly, at 180 
kv (peak) the outputs were approximately equal and it is likewise 
found that the effective voltages were about the same, and so on. 

To compare the output of the three generators, when the potential 
is measured in effective kilovolts, the curve in Figure 17 shows the 
relationship between the beam intensity (filtered through 0.525 mm. 
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of copper) and the effective kilovoltage. Curve C is for generator 
(@ (“constant potential’) and the other points are as indicated. It is 
seen at once that the output at a given voltage is of the same order 
of magnitude for all three generators. Since the radiation quality 
was found to be roughly proportional to the intensity for a given 
tube current, it follows that the effective voltage also presents a 
fairly close indication of the quality. These results will be discussed 
in greater detail.in a later paper. 


VIII. CONCLUSION 


It is believed that any value to be ascribed to this study lies in 
showing physical similarities, and not differences, between high volt- 
age X-ray generators. Care has been taken to avoid any comparisons 
of the biological effectiveness per se of the radiations used. One of 
the outstanding biological problems is how to administer a desired 
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FiaurE 17.—Plot showing tube output as a function of 
effective voltage for generators A, B, and C 


dose of radiation within the body without at the same time producing 
a dangerous skin erythema or destroying intervening tissue. It has 
been shown here how equivalent depth dose may be obtained with 
different generators and a wide range of qualities and intensities. 
The clinical application of this wide range of radiations depends on 
two factors which must be decided by the clinician, not by the 
physicist. The first, is the relationship between quality and the 
erythema dose. The second is the economics of administering radia- 
tion,'* for obviously it would not be economical to use highly filtered 
low-voltage radiation for deep therapy when there is available a 
much greater intensity of less filtered radiation—assuming the bio- 
logical effect to be the same. 





“GQ, Failla, Dissert. L’Univ. de Paris, Serie A, No. 1776, 1923. 
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It is hoped that the results of the present study will enable the 
clinician to better compare his technique with that of others using 
different generators and making his measurements by different 
methods. 

This study has been made possible through the support and the 
generous cooperation of the Radiological Research Institute and the 
X-ray manufacturers of this country, for which we express our ap- 
preciation. In addition, we thank G. Singer and C. F. Stoneburner, 
of this laboratory, for their assistance, particulary with the effective 
voltage measurements. 


WASHINGTON, June 6, 1932. 
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THE STRUCTURE OF THE CHROMIC ACID PLATING 
BATH; THE THEORY OF CHROMIUM DEPOSITION 


By Charles Kasper 


ABSTRACT 


The structure of solutions that are of importance to the theory of chromium 
deposition from the chromic acid bath was investigated by cryoscopic and con- 
ductivity measurements, and absorption spectra. It was shown that the first 
step in the reduction of chromic acid is the formation of chromium dichromate, 
Cr,(Cr,07)3, a strong electrolyte which forms negative molecular ions. This com- 
pound is found not to exist in the ‘‘green”’ form. The next product of reduction 
isthe basic chromium chromate, Cr(OH)3-Cr(OH)CrO,. This compound is a 
colloid, which may exist in relatively acid solutions. If sulphate is present, it 
forms chromic sulphate only the green form of which exists in chromic acid 
solutions. 

If the basic colloid does not have its electrophoretic velocity reduced, it coats 
the cathode and prevents further reduction of chromic acid. The beneficial 
action of the sulphate is caused by the fact that it lowers that velocity by adsorp- 
tion. The sulphate reaches the cathode film by being transported as a nonreac- 
tive positive molecular ion, [Crs,O(SO,4)4(H20) ,|*t. 

The above theory was confirmed by employing it to correlate facts and prin- 
ciples of chromium plating. 
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I. INTRODUCTION 


Chromium is electrodeposited commercially from baths containing 
chromic acid (2 to 4 M), a small amount of sulphate (0.02 to 0.05 N), 
and a variable concentration of trivalent chromium (derived from the 
partial reduction of the chromic acid). No entirely satisfactory ex- 
planation has been offered for the mechanism of this process, and in 
particular for the function of the sulphate. 
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The research naturally divided itself into two parts—first, the 
structure of the initial solution and of any system to which it may 
give rise on electrolytic reduction, and, second, the deportment of suc) 
systems in an electric field. 

By the structure of a solution is meant the type and extent of the 
linkages existing between the various species present. ‘Two types of 
such bonds are now recognized (23),! although modern research indi. 
cates that an indefinite number may exist (29). 

Unless otherwise stated, all strong electrolytes ? will be regarded 4; 
completely ionized at all concentrations. This characteristic js 
associated with systems in which only the ionic type of linkage exists. 

The structure of the solutions was studied by measuring their 
freezing point lowerings, conductivities, and absorption spectra, 
From a consideration of published data on the systems of interest and 
admittedly similar ones, and from new experimental evidence, a theory 
of the electrodeposition of chromium has been developed. This 
theory correlates and explains practically all known facts concerning 
the process and also permits valid predictions to be made. 


II. MATERIALS AND SOLUTIONS 


A special lot of pure chromic acid was employed which had the 
composition (on a dry basis) shown in Table 1. The methods of 
analysis were the same as those employed by Moore and Blum (26). 


TABLE 1.—Composition of chromic acid 





Material Per cent 





CRIN IID io nec cpenp ame wednadacbowiien 
Trivalent chromium (Cr2Q03)-_.....-.-------------- 
ee ae ees ES? 
ee CIP SRO vcecicccdnnccnnncisecouncctdsinte 
Insoluble 

















A number of methods were employed to prepare chromic acid 
solutions containing trivalent chromium and practically no other 
substances. Reduction with alcohol gave solutions from which the 
resultant acetic acid could not be readily removed. By dissolving 
pure Cr,O; (produced by igniting CrO;) in strong chromic acid, 
solutions with compositions corresponding to degrees of reduction up 
to 20 per cent*® were obtainable. Dissolving of basic chromate, 
calcined at 200° C., in chromic acid yielded the same result. The 
more highly reduced solutions were prepared by the addition of 
concentrated hydrogen peroxide. These will be described and dis- 
cussed in a subsequent section. 

The solutions for the cryoscopic measurements were prepared, 4s 
customary, on a weight basis (moles per 1,000 g of water). Those for 
the measurement of conductivity and light absorption were prepared 





1 The numbers in the text here and throughout the text refer to the bibliography at the end of the paper 


2 In this paper the term electrolyte is used in the same sense as ionogen; that is. a substance which when 
—— in a specified medium produces a conducting solution (which latter is frequently called the 
‘electrolyte’’). 


3 The relative content of trivalent chromium in these solutions may be conveniently expressed in terms of 


the total chromium content. For example, a solution corresponding to Cr2(Cr207)s, chromium dichromate, 
has one-fourth of its chromium content in the trivalent state, and, hence, represents a solution that is 
per cent reduced. Similarly, the basic-chromate, (Cr (OH)3-Cr(OH)CrO, represents a reduction of about 
67 per cent. 
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» ona volume basis (moles per liter of solution). The stated concentra- 
© tions of free chromic acid are based on the assumption that the triva- 
' lent chromium is present as the dichromate, Cr.(Cr,O7)3. Sulphate 
' was introduced as dilute sulphuric acid, which was added at room 
' temperature, and, therefore, produced no appreciable heating. 


III. STRUCTURE OF SOLUTIONS 
1. PURE CHROMIC ACID 
The published data analyzed by Abegg (7) show conclusively that 


' chromic acid is a strong acid, which at moderate concentrations 
' exists principally as dichromic acid, H,Cr,0,;, of which both hy drogens 
' are strongly dissociated. In more concentrated solutions trichromic 
acid, HyCr;O,o, and possibly tetrachromic acid, H,Cr,O,3, exist. In 


very dilute solutions the monochromate ions, HCr0,- , and CrOQ,- -, 
are the principal forms. The content of Cro, — ions at any finite 


| acid concentration is extremely low. 


2. CHROMIUM DICHROMATE 


As it appeared probable from chemical evidence that the first step 


» in the reduction of chromic acid results in the formation of chromium 


dichromate, the structure of partly reduced solutions was first 


; investigated. 


(a) PREVIOUS WORK 


Some investigators (13), (16), and (19) have considered chromium 
dichromate as a colloid, while others (22) have regarded it as a very 
weak electrolyte. In all cases the evidence is unsatisfactory. The 
principal arguments were based upon ultramicroscopic observations. 
In order that a colloid be detectable by this means it must possess a 
certain size, a certain refractive index, and a certain transmittancy. 
It is difficult to see how scattered (not reflected) light could be ob- 


served in such highly absorbing solutions as these, if the dispersoid 


is not a metal. Some solutions like those previously investigated 


' were examined with the ultramicroscope. From these experiments 


the conclusion was reached that the variable results (and hence the 
variable interpretations) were caused by dust. No great weight 
should be attached to ultramicroscopic observations on these solutions. 

In addition to obtaining negative results with the ultramicroscope, 
Ollard (22) cited the qualitative evidence of the migration of the tri- 
valent chromium toward the cathode in these solutions. This obser- 
vation does not prove that chromium dichromate is a very weak 
electrolyte. It might be a strong electrolyte or a lyophilic colloid 


(a micelle). 
(b) CRYOSCOPIC EVIDENCE 


The measurements were made with the usual type of apparatus; 
in the 1F series a platinum resistance thermometer was used, andin 
the 2F series a Beckmann. ‘The results are given in Table 2. 
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TABLE 2.—Freezing-point depressions 





Moles per 1,000 g H3:0 





Solution No, — 


Crill Cre(Cr2O07)3| Free CrO3 





| ae 
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1FIIT.. Menace 
ES eS ae eee . OL 
_ se 1, 084 
ee crutenkwcseobwobodahncs 1, 084 
yarns ‘ 


























In the designation of a given solution, for example 2FI, the Arabi 
numeral (2) refers to the apparatus employed, the letter (F) denotes 
the type of measurement (in this case freezing point), and the Roman 
numeral (I) refers to the number of the solution in that series, 
These three symbols define the composition of the solution. Some. 
times it was found necessary to heat the solutions for one hour at 
100° C.; such solutions are designated with an additional symbol, B. 

The data relating to solutions 1FI and 1FIV show that the depres- 
sion sproduced by 0.554 mole of chromium dichromate is 13.72° - 
2.98°=10.74°, or 19.40° per mole. If this salt Were completely 
ionized into chromic and dichromate ions, and “perfect” in the 
Arrhenius sense, there would be a molar depression of 9.3°. The 
solute is a ‘“‘superperfect’’ one, and most certainly is not a colloid 
or a very weak electrolyte. This point is shown even more conclu- 
sively by the data for the more dilute solutions. In the same manner 
the molal depression calculated from the data for the 0.139 M chro- 
mium dichromate is 7.6°; the value for violet chromic sulphate (7 
(a comparable solute) at the same dilution is 4.15°. 

Heating the above solutions for one hour at 100° C. caused no 
change in the depressions. As practically all inorganic chromic 
compounds exhibit changes in properties (from the violet to the 
green form*) when they are heated, this observation is important. 
This evidence is indicative that the ‘‘green”’ form of chromium dichro- 
mate did not exist in these solutions. In this respect this salt is 
similar to chromic nitrate and perchlorate. The absence of a change 
in solutions containing sulphate shows that the state of the sulphate 
is the same in the heated as in the unheated solutions. 


(c) CONDUCTIVITY MEASUREMENTS 


A solution that was 1.086 M in Cr¥! and 0.277 M in Cr™, and 
which was, therefore, 0.255 M in free CrQs, wad: at 25° C. a con- 
ductivity of 0.666 mho-cm. This is about 15 per cent higher than 
the interpolated value of 0.579 of Moore and Blum (26) for 0.255 M 
CrO;. The increase in conductivity caused by 0.138 M chromium 
dichromate is 0.086 mho-cm, which corresponds to a molal conduct- 

1,000 X 0.086 . 
ance of ee 138 = 028 mho-cm. The data in Abegg (7) show 
that the molal conductance of violet chromic sulphate at the same 


‘ For example, the violet chloride ” r(H20)¢] Cls, is transformed by heat into the green compend 
{Cr(H20)sCl]Ch: and [Cr(H20)«Ch}Cl 
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' dilution is about 800 mho-cm. The difference is of the order expected 
' in view of the greater mobility of the sulphate ion (u,.=136) as 
' compared with the dichromate ion (u,.=50). 

The cryoscopic and conductimetric measurements that we have 
| made indicate that chromium dichromate is similar in structure to 
' violet chromic sulphate; that is, it is an electrolyte that does not 
' form molecules or molecular ions that include the negative radical. 
The spectrophotometric measurements to be described indicate that, 
while this conclusion is in the main correct, true molecular ions do 


; exist. 
(4) ABSORPTION SPECTRA 


The cells for these measurements were made entirely of glass and 
were usually 1 mm thick. Thin cells were necessary on account of 
the high absorbencies of most of the solutions. The measurements 

were limited to wave lengths from 500 to 700 mu. The 1P series 
; were measured on a Koenig-Martens visual spectrophotometer.5 The 
2P series were executed on a Bausch & Lomb visual spectrophotom- 
eter. Although the accuracy of our measurements with the latter 
| instrument is not quite as high as with the former, the results are 
sufficiently precise for our purposes. 

In expressing the results the nomenclature of the Optical Society of 
| America (12) is followed as closely as possible. The transmittancy, 
T, is equal to I/I,, where J is the light intensity through a cell filled 
with the solution, and J, that through a similar cell filled with the 
solvent. The absorbency, A, is equal to —log, 7. Also, A is equal 
to Z(a,c;)1, where 1 is the length in centimeters of the path traversed, 
c, is the concentration of species 7 in moles per cubic centimeter, and 
a; is the molal absorbency of 7. If the values of a, are independent 
of those of c;, the system is said to obey Beer’s law. 

All measurements were made at about 25° C. The composition of 
the solutions upon which spectrophotometric measurements were 
made is given in Table 3. 


TABLE 3.—Composition of solutions for spectrophotometric measurements 





Moles per liter 





Designation No. 
Crill 





0. 277 
. 277 





255 




















* These measurements were made by Mabel E. Brown, of the colorimetry section. 
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The first five solutions (and the corresponding heated ones) wer 
so selected that the following salient facts could be determined: 
First, the absorbency of Cr2(Cr,0;)3 as such; second, the apparent 
absorbency of Cr™'!; third, the possible existence of the “green” 


| 


| 
loiPt 
| 





20.00 


jetpit 
olPill 


i ssniesscenetniiciiietin ikiciaaiill 


3 








g 








ABSORBANCY PER CENTIMETER 
8 























0.00 


$00 750 


600 650 700 
WAVE LENGTH IN MILLIMICRONS 


Figure 1.—Effect of sulphuric acid on absorbency of solutions containing free 
chromic acid (0.254 M) and chromium dichromate (0.139 M) 
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form of chromium dichromate; fourth, the state of the sulphate in 
cold solutions; and fifth, the state of the sulphate in heated solutions. 
The data are reported in Table 4 and are plotted in Figures 1, 2, 
and 3. 
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FiguRE 2.—Effect on rons Peers by heating solutions of Figure 1 to 100° 
'. for one hour 





(Curve same as in fig. 1) 
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Figure 3.—Effect of trivalent ions on absorbency of chromic acid 
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TABLE 4.—Absorbency per centimeter at 25° C. of chromic acid solutions containiny 
trivalent chromium | 
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In Figures 1 and 2 it will be noted that there are only small dif- 
ferences due to the sulphate; this point will be discussed in a later 
section. No significant difference was found on heating the solutions 
such as would indicate the formation of a green form of the dichro- 
mate. The process would result in an increased absorption in the red 
by the heated solutions. 

The absorbency of chromium dichromate was found to be au 
unsatisfactory mode of approach. If chromium dichromate were 4 
simple violet salt, subtraction of curve 1PIV from 1PI (which differs 
from 1PIV by 0.277 M Cr") should give values approximately one 
half of those of 1PVI (0.554 M Cr(NQ;);). However, it will be seen 
in Figure 4 that this is far from being true. This discrepancy is made 
even worse by correcting for the difference in hydrogen ion concentra 
tion, which would change the concentration of Cr;0;.~~. Bjerrum (3 
has shown that the absorbency of the violet chromic ion is practically 
independent of the concentration and of the charge and size of th 
anion (Cl-, NO;~, and SO,-~). Thisis to be interpreted as indicatin 
that the water ‘‘molecules”’ of the molecular ion, Cr(H,O),***, protect 
the optical electrons from excessive coupling with external fields 
Therefore, the above discrepancy can not be explained on the basis 0! 
a simple deformation of the chromic ion. 

Hantszch and Garrett (5) have shown that the absorbency of the 
chromate ion is greatly affected by the size and charge of the cation 
Data on the dichromates of the alkali metals indicate slight deforma 
tion, but this possiblity can not be ignored when salts of high valencé 
types are involved. To obtain the desired information regarding 
deformation of the dichromate ion, the absorbencies of solution 
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PIL and 1PVII were measured. In each there is exactly the same 
ontent of hexavalent chromium as in 1PIV, but 2PII contains 
uminum and 1PVII yttrium, each in a concentration equivalent to 
sat of trivalent chromium in 1PI. The data are reported in Table 5, 
nd are plotted in Figure 3. Table 5 also includes solutions that will 
be discussed later in this paper. 
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Fiaure 4.—Absorbencies of various chromium solutions 


ABLE 5.—Absorbency per centimeter of various chromium solutions at 25°C. 
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It is well known that in ionic systems deformation effects can be 
lated to the size and charge of the “‘companionate” ions. Only 
lative sizes of the bare (not hydrated) ions are involved. The 
vailable data indicate that no simple analysis is possible, but it is 
“itimate to employ the conception for interpolative purposes. 





362 Bureau of Standards Journal of Research (Vol.s 


Crystal structure data (28) indicate that the radii of the trivalen; 
ions of Al, Cr, and Y are, respectively, 0.55, 0.70, and 0.90 A°. §. 
from a knowledge of the deformation produced by aluminum and 
yttrium, we can estimate that to be expected from ‘chromium. The 
data plotted i in Figure 3 show that the deformation is, as demanded 
by the above discrep: icy, greater with the increasing charge (Ht 
(iPIV) to Al**+*+) and for trivalent ions increases with increasing 
radius. The deformation caused by Cr™, may be assumed to be 
intermediate between those of Al and Y (that is, between the curves 
1PI to 2PII and 1PI to 1PV1). Evidently this deformation by 
Cr™ jis insufficient to account for the difference in question ; that is, 
between 1PI and one-half 1PVII. Some other mode of interaction 
than the ionic is evidently effective; that is, the molecular. This is 
not unusual with chromic compounds (29). 

It appears probable, therefore, that chromium dichromate exists 
as a Werner coordination complex. Its exact nature was not investi- 

gated, but the character of the absorption bands indicate that it is 
[(H,0).Cr(Cr,0; )o}- or [Cr(Cr,0O;)3]-~-. The possibility of a true 
undissociated molecule is not excluded. 

The cryoscopic and conductivity data indicated that this, unlike 
most coordination complexes, is highly dissociated. If so, it should 
not obey Beer’s law. It is evident from Figure 4 that 2PIII (a forty- 
fold dilution of 1PI examined through a 40 mm cell) shows a large 
decrease in absorbency. On formally subtracting 1PIV from oPIil 
it will be noted that the values at the shorter wave lengths fall below 
those of the simple chromic ion. This correction is known to be too 
large, and with further dilution the curve would, no doubt, coincide 
at the longer wave lengths with that for the simple chromic ion. 

The absorption spectra show conclusively that chromium dichro- 
mate is not a colloid, as this would have a strong absorbency in the 
red and would obey Beer’s law strictly (34). All experiments were 
consistent with the interpretation made, and inconsistent with any 
other that was entertamed. No variations in absorbency occurred 
on standing for long periods. 


3. HIGHLY REDUCED SOLUTIONS 


Ollard (22) reported that by treating chromic acid solutions with 
concentrated hydrogen peroxide, a reduction up to 50 per cent 
(Cr(OH)CrO,) could be effected, but that beyond that point a pre- 
cipitate of Cr(OH),;Cr(OH)CrO,, (9) (14) (67 per cent reduction) was 
produced. In our experiments it was found that a reduction as high 
as 60 per cent could be thus effected without immediate precipitation. 
On standing one or more days the above precipitate appeared in 
which the ratio of the trivalent to hexavalent chromium was 2 to | 
and the filtrate corresponded to about 37 per cent reduction. ‘The 
precipitation occurred with all solutions more highly reduced than 
37 per cent. The rate of precipitation varied directly as the degree 
of reduction; it was accelerated by heating. These observations 
indicate that the system is a mixture of a sol, whose dispersoid is 
Cr(OH);Cr(OH)CrQ,, and a true solution of an electrolyte, chromium 
dichromate. The reason that solutions with 37 per cent reduction 
are stable is that then the hydrogen ion concentration is so high that 
the particles of the basic sol become sufficiently electropositive to 
remain in suspension. This hypothesis was confirmed by precipitat- 
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ing the basic chromate out of partially reduced solutions (42 per cent) 
with sodium sulphate. 

Liebreich (9) and Miiller (14) prepared colloidal solutions of the 
basic chromate by digesting the precipitate with water for a long 
time. The method employed in the present research was to take an 
unstable, highly reduced solution and dilute it strongly. Sols prepared 
in this manner exhibited a strong Tyndall beam and a dichroic 
appearance. They were quite murky and hence had fairly large 
particles, though none were visible with the ultramicroscope. As 
previously noted this instrument is not well adapted for these solutions. 
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Ficure 5.—Absorbencies of solutions with equal contents of trivalent chromium 
and decreasing contents of hexavalent chromium 





The absorbency data for the highly reduced solutions, 2PIV and 
2PV (prepared 1 in the cold), are recorded in Table 6 and shown in 
‘igure 5. 


TaBLE 6.—Absorbency per centimeter of highly reduced solutions 
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The data in the last column have been recalculated to corresponj 
to the same concentration of trivalent chromium as the other two, 
It will be noted that an increase in reduction causes an increase/ 
absorption over the entire range. The increase at the shorter way 
length is probably caused in part by the deformation of the chromat 
radical. The increase in absorption in the red could be caused eithe 
by a complex (green) electrolyte, or a colloid, or both. 

An effort to settle the question by freezing point measurement 
was only partially successful in that the data could be interpreted 
equally well in terms of a weak electrolyte or a mixture of a strong 
electrolyte and a colloid. Like the other solutions, these also coagu. 
late, indicating that the latter interpretation is the correct one. — 

Electrometric methods of titration have a greater range of applic. 
ability than the conductimetric. Solutions with a constant content 
of CrY! (0.184 M) and a variable content of Cr™!! were prepared and 
their pH values were determined with a modified glass electrode. In 
effect, therefore, chromic acid was titrated with chromium hydroxide, 
The results are given in Table 7. 


TaBLe 7.—pH of chromic acid (0.184 M) with additions of trivalent chromium 





| | | 


47 | 2.22 


Cri M..-..- -| 0.000 | 0.033 | 0.058 | 0. 061 . 0.079 | 0.118 | 0.123 | 0.125 | 0.129 | 0.133 | 0.13 
. 33 i | | 2-30 fees 2.54 | 2.66 | 2.8 


-- 1. 08 | 1.20 | 1.26 





A plot of these data does not indicate a sharp break of any kind. 
More highly reduced solutions (corresponding to 60 per cent reduc- 
tion) had a pH of about 3.5. According to the above interpretation 
of the structure of this system, we may have large amounts of the 
basic colloid at a pH as low as 3. This point is important for the 
theory of chromium deposition. 


4. STATE OF THE SULPHATE 


The above recorded cryoscopic and spectrophotometric measure- 
ments included some data on solutions containing chromic acid, 
chromium dichromate, and sulphuric acid. As noted before, the 
cryoscopic measurements indicated that there was no difference in 
the state of the sulphate in the heated and unheated solution. This 
behavior would be impossible with the violet chromic sulphate, s0 
the green salt must be present. 

The spectrophotometric measurements confirm this conclusion. It 
will be noted in Figures 1 and 2 that the absorbencies of the solu- 
tions with the largest content of sulphate are lower at the shorter, 
and (usually) higher at the longer, wave lengths than those with no 
sulphate, whether the solutions are heated or not. This is to be 
expected if green chromic sulphate replaces some chromium dichro- 
mate. The difference can be calculated ® from the data on 1PI and 
2PI1, which latter is a solution of green chromic sulphate that was 


—— 





6 As this is rather involved, a sample calculation, that at 540uuis given. According to Table 1 the absorb 
ence per centimeter of the chromium dichromate in 1PI is 13.30—0.88=12.4. 1PIII contains in addition 
0.1 M ofsulphate. If the complex is [Cry40(SO4)4(H20),]**, then according to Tables 3 and 5 the expected 


absorbency of the green chromic sulphate will be 0.97X : 1.5; 


There will be a loss in absorbency corresponding to ayy X 1244.1. So the change in absorbency will be 


4.1—1.5—1.3=1.3. The minus 1.3 denotes the increase due to the formation of free chromic acid. 
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heated for one hour at 100° C. The effects, though small, are quite 
fefinite and beyond experimental error; the interpretation explains 
why only a small change is found. The results are given in Table 8. 


aBLE 8.—Change in absorbency produced by addition of sulphate to solutions con- 
taining Cr¥! and Cr . 
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1A, is the calculated change in absorbency, Ar is that found for the unheated series, and A,z that for the 
heated series. 


The green complexes of chromic sulphate possess very remarkable 
properties. Some are true colloids, but most of them are electrolytes. 

he colloidal form is obtained only with drastic treatment. Part of 
he sulphate in the ordinary green forms is combined with the triva- 
Jent chromium to form a positive molecular ion [Cr,O(SO,),(H.O),,]**. 
n the green chloride we have [CrCl(H,0),]** and [CrCl,(H,O),]*. 
These complexes are remarkable in that apparently there is absolutely 
no dissociation of the coordinated groups. Electron pair bonds are 
undoubtedly effective (29). These positive molecular ions furnish 
an ideal means of conveying the sulphate radical into the cathode 
film. 

The pH of pure violet chromic sulphate solutions is about 2. It 
was noted previously that the maximum pH found in solutions con- 
taining colloidal basic chromium chromate was 3.5. These data 
indicate that, barring complex formation (which, however, is not 
favored at a intermediate pH like 3), free sulphate ions can exist in 
these colloidal solutions. This point is also important for the theory 
of chromium deposition. 

In pure solutions the violet form is the more stable at room tem- 
perature and below; the green is more stable above room temperature. 
The rate of conversion of the green into the violet is low, especially 
in the presence of acid, which acts as a negative catalyst and may even 
shift the quasiequilibrium. Such a shift is recorded in this paper 
for the sulphate in chromic acid solutions; a similar case has been 
worked out by Bjerrum (2) for violet chromic chloride in hydro- 
chloric acid solutions. The fairly high temperatures employed in 
chromium deposition probably assist in this shift of equilibrium. 


5. CONCLUSIONS 


1. Chromium dichromate is a strong electrolyte and forms true 
molecular ions. 

2. The “‘green’”’ form of chromium dichromate does not exist in 
the solutions investigated. 

3. More highly reduced solutions than the dichromate contain, in 
addition to that compound, a sol of the basic chromium chromate 
Cr(OH)sCr (OH)CrO,. 

4. In partially reduced solutions with an excess of chromic acid, 
ite sulphate exists principally as the green chromic sulphate. 
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IV. THE THEORY OF CHROMIUM DEPOSITION 
1, SURVEY OF THEORIES 


The principal theories of chromium deposition that have bee 
advanced will be briefly considered, including that proposed by the 
author in this investigation. 

1. Sargent (6) recognized a number of features that are extremely 
important; that the cathode film is only slightly acid at high current 
densities, that reduction of chromic acid at high current densitig 
must occur through the medium of the chromic-chromous couple 
(see p. 369), that sulphate is necessary for metal deposition, and that 
pure chromic acid can be reduced at low but not at high curren 
densities. The latter feature he attributed to a colloidal layer which 
he designated as nonpermeable, though he tacitly assumed it to h 
permeable to hydrogen ions. The mechanism of the action of the 
sulphate was not clearly set forth. 

2. Liebreich (9) (10) measured polarization curves by means of 
which he endeavored to show the successive stages through which 
chromic acid must pass before being reduced to the metallic state 
The existence of this “‘step-wise”’ reduction is the principal feature 
of Liebreich’s theory. The action of the sulphate was not explained. 
He demonstrated that the cathode film is less acid than the solution, 
and that in it there probably is an electropositive colloid, Cr(OH), 
Cr(OH)CrO,. 

3. Fink (11) advanced a theory in which the sulphate is designated 
as a catalyst, but he gave no clear conception of its action. He 
assumed that the hydrogen that is always evolved in chromium deposi- 
tion protects the metal from oxidation. 

4. E. Miiller (14) recognized that pure chromic acid is not reducible 
at high current densities. He attributed this fact to the formation of 
a colloidal layer in the slightly acid cathode film as a result of the 
migration of an electropositive sol. The idea that the cathode layer 
is permeable to hydrogen ions was expressly set forth. His first 
explanation of the action of the sulphate was that it precipitated and 
destroyed the cathode layer, and thus made possible the reduction 0! 
chromic acid. Later (20), (21), (24), and (33) he abandoned this 
interpretation in favor of one which states that the bisulphate ion, 
HSO,-, can, on account of its relatively small size, pass through inter- 
stices in the colloidal layer, thus permitting the existence of a higher 
hydrogen ion concentration in the cathode film. This condition 1s 
less favorable for the formation of the basic colloid. It is important 
to note that he found it necessary to assume that the bisulphate ion 
is effective at a pH of 3 or 4, and that its attraction toward the cathode 
is secondary. Miiller demonstrated that the basic dispersoid, 
Cr(OH);Cr(OH)CrO,, is electropositive. This theory is somewhat 
similar to that developed in this paper. 

5. Haring (13), (17), and later Piersol (27) suggested that the action 
of the sulphate is in accordance with the following equation: 


Cr,(Cr,O;); + 3H,SO,—-Cr,(SO,)3 + 3H2Cr.0, 
(colloid) (strong (strong (strong 
electro- _electro- electro- 
lyte) lyte) lyte) 
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Yhromium dichromate is not a colloid, and a pure metathesis (like the 
ne represented) between a slightly soluble (or ionizable) salt and a 
trong electrolyte to produce two strong electrolytes in dilute solution 
s thermodynamically impossible. 

6. Ollard’s (22) theory denies that chromic acid can be reduced 
irectly, and states that all reduction must proceed through the 
medium of the chromic-chromous couple. The action of the sulphate 
‘as explained by a reaction similar to that proposed by Haring and 
Piersol except that chromium dichromate was considered to be a very 
eak electrolyte. 

7. In this research a theory of chromium deposition has been devel- 
oped, Which involves some features that have been expressed in pre- 
vious theories, but that have been modified in the light of additional 
information and of a different viewpoint. 

Deposition of bright chromium depends upon maintaining in the 
cathode film a definite hydrogen ion concentration. This must be 
sufficiently low to permit metal deposition and yet sufficiently high 
to prevent hydrolysis and thus yield oxide-free deposits. 

At low current densities direct reduction of hexavalent to trivalent 
chromium undoubtedly occurs. At high current densities, which 
require cathode potentials sufficient to liberate hydrogen gas, the 
conditions are vastly different. On account of the tremendous migra- 
tion velocity of the hydrogen ion in the cathode film, the latter 
becomes relatively alkaline. If the hydrogen ion concentration drops 
to 107°, a basic electropositive dispersoid of Cr(OH)3-Cr(OH)CrQ, 
exists. In the absence of the sulphate the dispersoid migrates toward 
the cathode and covers it with a colloidal layer which prevents reduc- 
tion of everything except hydrogen ion, to which it is permeable. 

The action of the sulphate is to decrease the electrophoretic velocity 
of the colloid by adsorption; which causes a reduction of the positive 
charge and prevents the formation of a dense, adherent colloidal layer. 
(ther ions can then reach the cathode and be reduced. It is improb- 
able, on account of the repulsive action of the cathode toward negative 
ions, that the simple sulphate ion can approach the cathode sufficiently 
close to be very effective. Some other means must be found for 
bringing it to the cathode. 

It is well known that ordinary green chromic sulphate forms non- 
dissociable, positive molecular ions like [CrsO(SO,),(H,0),]**. This 
lon can, on account of its nonreactiveness, convey the sulphate to the 
cathode surface, and when the complex ion is discharged and reduced, 
the sulphate is set free to wander toward the anode. Before leaving 
the vicinity of the cathode, it may be adsorbed by the positive dis- 
persoid and may thus limit the formation of the colloidal layer. 
While reduction at high current densities is made possible by the 
presence of sulphate, the actual reduction occurs mainly through the 
chromic-chromous couple. 


2. POSSIBLE REDUCTION PROCESSES 


It will be profitable to examine the principal reactions in terms of 
their standard electrode potentials (4). It will be seen that the 
conditions that are required for chromium deposition are those that 
inhibit certain undesirable reactions. 
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TaBLeE 9.—Standard potentials of possible reactions in chromium deposition 





Standarj 


Reaction 
potentia] 


1/2 Cr2O7--+-7H+ +346=Cr+++ +7/2 H:0_. 
1/2 CrsO7r-+-7H* +-46=Cr++ +-7/2 H30........-. 22 
1/2 ns é 
6= Crtt 
Cr++ +26=Cr 
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6 denotes an electron, 


According to reaction 3, it should be theoretically possible to arrang 
a cell having a chromium-coated metal as cathode and a hydrogen 
electrode as anode, and deposit chromium without the use of external 
electrical energy. In fact, there would be a gain of electrical energy 
that could be employed to generate some of the hydrogen used. The 
reason that this is impracticable is because reaction 1 is the mor 
probable under any condition that is favorable for reaction 3. |! 
instead of chromic acid a chromic salt were employed electrical 
energy would be required in order to effect chromium deposition. 


3. REACTIONS IN THE CATHODE FILM 


During deposition at appreciable current densities the solution 
close to the cathode, the cathode film, may differ greatly in compos- 
tion from the body of the solution. However, a steady state is set up 
between the factors causing depletion and restoration of the various 
species in the film. The former include, first, the rates of discharge 
of the various ions present, and, second, the forces that exist between 
the ions and the cathode. The restorative factors include, first, 
migration of the ions toward the cathode, second, diffusion processes 
and, third, convection currents. The electrical forces very close to 
the cathode are relatively large and hence there is a large concentrs- 
tion gradient in the cathode film. The processes that actually occur 
at the cathode under specified conditions depend upon the composition 
and structure of the cathode film. 

There are three imperative reasons why the cathode film must 
possess an intermediate pH (3 or 4) before deposition of metallic 
chromium can occur. First, the difference in free energy between 
the standard chromium-chromic ion potential and the standard 
hydrogen-hydrogen ion potential is 0.5 volt faraday per equivalent. 
This demands, first, that the hydrogen ion concentration be low for 
chromium to be deposited, although the permissible hydrogen ion 
concentration will be conditioned by the hydrogen overvoltage. 
Second, it must not be too low because the chromic ion is easily 
hydrolyzed and, if the film becomes too basic, oxides or basic col- 
pounds will be deposited. Third, in the reduction of chromic acid 
large amounts of oxygen are converted to oxygen ions or hydroxy! 
ions, which must be neutralized by hydrogen ions to prevent the 
formation of oxides and hydroxides. 1 

If pure chromic acid is electrolyzed at such low current densities 
that the cathode potential is not sufficient to cause hydrogen evolu- 
tion, the cathode film will have a higher hydrogen ion concentration 
than the solution. Under these conditions true undissociated mole- 
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ules of chromic acid can exist close to the cathode and may be reduced 
jirectly by the electrons to the trivalent state. The formation of 
metallic chromium is possible but improbable with the acidic condi- 
ions obtaining. 

If the cathode potential and current density are raised so that 
hydrogen is discharged the conditions are vastly different. The 
hydrogen ion concentration in the cathode film tends to drop very 
rapidly on account of the tremendous migration velocity of the 
xydrogen ion within the film. The decrease in hydrogen ion con- 
centration is favorable to the deposition of chromium, especially as 
arge amounts of trivalent chromium must have been formed before 
this condition could arise. Reactions, 1, 2, and 3 show that the 
direct reduction of chromic acid will be tremendously affected by a 
variation in the hydrogen ion concentration. This leads to the con- 
clusion that with increasing current density the chromic-chromous 
couple becomes the dominant process in effecting the reduction of 
chromic acid. This couple consists of having chromic ion reduced 
at the cathode to the chromous ion, which on escaping into the body 

the solution reduces chromic acid to trivalent chromium. There 
isno justification for the suggestion that cathodic reduction is effected 
by atomic hydrogen. Such a process is in direct conflict with 
hermodynamic principles. 

It has been shown above that when this system attains a hydrogen 
ion concentration of 107%, a sol of the basic chromium chromate, 
Cr(OH);-Cr(OH)CrO,, exists. This sol and any other form of the 
colloid are probably permeable to hydrogen ions, in view of the fact 
that in migration and diffusion the radius of the bare hydrogen ion is 
effective and not that of the hydrated or hydronium ion. The chain 
theory (30) of the abnormally high migration velocity of the hydrogen 
ion indicates that although the colloid may permit hydrogen ions to 
pass through, it will hamper their motion. By this action the portions 
closer to the cathode will possess a still lower hydrogen ion 
concentration. 

The amount of the colloid formed and the particle size will vary 
inversely, whereas the electrophoretic velocity will vary directly as 
the hydrogen ion concentration. The Brownian movement of the 
dispersoid of the sol, and hence the permeability of the sol, is greatest 
at the highest hydrogen ion concentration consistent with its existence. 
However, the high electrophoretic velocity under these conditions 
favors the formation of the colloidal layer, which would tend to exclude 
all ions but hydrogen and thus prevent reduction. As shown else- 
where in this paper the amount of colloid varies very rapidly with 
the hydrogen ion concentration, whereas the electrophoretic velocity 
does not vary in the range probably involved. No change in con- 
ditions is to be expected by varying the hydrogen ion concentration 
in the cathode film by means of the current density. It appears 
fom this analysis that the formation of the objectionable colloidal 
layer is a precipitative effect and that any explanations of the bene- 
idal action of the sulphate on the basis of a similar effect is illogical. 


4. ACTION OF NEGATIVE IONS, SUCH AS SULPHATE 


Miller’s first theory that the sulphate coagulates the colloid and 
thus destroys the colloid layer is untenable because the resultant 
precipitate would probably hinder the reduction as completely as the 





370 Bureau of Standards Journal of Research [Vol 


original sol. He abandoned this view in favor of one which state 
that the particles of the sol tend to arrange themselves in a more yy 
less regular manner on the surface of the ‘cathode. In consequence, 
there will be spaces with a certain average size through which re. 
tively small negative ions may pass. This condition permits the 
existence of a higher hydrogen ion concentration at the cathod 
surface and is less favorable to the formation of the colloid. 

A number of criticisms have been leveled against the conception 
of colloids and colloidal layers in chromium deposition. It is import. 
ant to note that the sol is only a part of the cathode film; though i 
may under certain conditions constitute almost exclusively a definite 
section of it; that is, the colloidal layer. The colloidal layer and the 
sol are stable because the cathode film is low in hydrogen ions. The 
supposed difficulty of the discharged hydrogen breaking up the 
colloidal layer and destroying the film structure does not exist bec alse 
the cathodic processes s discussed are microsc opic and not macroscopic, 
The rates of the reactions involved are undoubtedly much faster 
than bubble formation; furthermore, bubble formation would not 
involve the destruction of the film. 

If electrophoretic migration is important in determining the reduc- 
tion processes, adsorption is also. Since the sol is electropositive, the 
adsorbable ions must be negative. Theories of the structure of the 
cathode film (31) indicate that close to the cathode there is a paucity 
of negative ions, because they are repelled by the cathode. This i 
the most important region, hence means must be found for bringing 
negative ions into this forbidden territory. 

The question naturally arises as to why the dichromate ion, Cr,0,;~ 
is ineffective (chromate ion, CrO,-~, does not exist at a pH of 3 or 4). 
Being a negative divalent ion, it could be adsorbed by the sol and thus 
alter the electrophoretic velocity. It is admitted that this effect does 
exist in the outer fringes of the film, but apparently not close to the 
cathode proper. Only high-energy negative ions can penetrate the 
repulsive barrier and be adsorbed by the electropositive sol. It has 
been demonstrated above that chromium dichromate does not exist 
in the green form and hence does not form positive molecular ions 
like [Cr(Cr,0,) (H,O),|*, which on account of their nonreactive nature 
would be able to penetrate the film. Even if it were so conveyed, the 
dichromate would be reduced at the cathode and hence become ine/- 
fective. An effective addition agent must be nonreducible. ‘The 
nonexistence of the ‘‘green’’ form of the dichromate favors, howevel, 
the formation of oxide-free deposits. 

The action with the sulphate is vastly different. In consequence of 
its small size and high charge it will be readily adsorbed by the electro- 
positive sol. It readily forms green complexes with trivalent chro- 
mium in which the sulphate is in an extremely nonreactive, positive 
molecular ion, possibly [Cr,O(SO,),(H20),)**. | This ion is capable of 
passing through the ‘‘forbidden”’ so hl with little change. On 
reaching the cathode surface the ion is reduced so that the chromium 
is no longer trivalent and the sulphate ion is set free. While still in the 
cathode film it may either first, reform the green complex (which 1s 
improbable at the pH prevailing) ; second, exist in the free state (s 
possibility already demonstrated in this paper); or, third, it may be 
adsorbed by the particles of the sol. This latter action will lower the 
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ectrophoretic velocity, and render the formation of a dense collodial 
ayer improbable. The action of the chloride would be similar. The 
ositive molecular ions that would then be effective are undoubtedly 
(CrCl(H20)5}** and [CrCl,(H,0),)*. 

Evidence of the relative adsorption of ions by basic chromium 
chromate was obtained in migration experiments reported in Table 10. 
A suspensoid of the basic chromate, Cr(OH);Cr(OH)CrO,, was pre- 
pared by grinding a precipitate in a colloid mill until the particles 
were of the order of 1 ». The migration apparatus was of the type 
used by Abramson and Freundlich (16). Electrode effects were 
rendered negligible by having nonpolarizable electrodes. The electro- 
endosmose effect was eliminated in the manner advocated by Smoluch- 
owski (8). Relative values only are reported, as absolute measure- 
ments were impracticable with the apparatus employed. Either 
sodium or potassium salts were used. 


TaBLE 10.—Relative electrophoretic velocities of basic chromate in the presence of 
added ions at 25° C. 


Concentration in . ithe —,- \J- 
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It is obvious that three ions are outstanding in their adsorption; 
namely, the sulphate, chromate, and hydroxide. The effects of the 
latter two ions are undoubtedly specific, since we are dealing with a 
basic chromate. At a pH of 3 or 4 neither chromate nor hydroxide 
lons can exist in significant concentrations, hence they are unim- 
portant in the cathode film. The dichromate and the chloride are 
adsorbed to about the same extent, but only the chloride is an effec- 
tive addition agent. This difference must be due to the fact that the 
green form of chromic chloride exists, whereas that of chromic di- 
chromate does not. The perchlorate ion is much less adsorbed than 
the nitrate or phosphate. 

pH measurements with the glass electrode were made on solutions 
with hydroxide additions. It was established that the isoelectric 
point occurred at a pH of about 6. The maximum electropositive 
velocity was attained at a pH of 4.5 and remained constant with a 
further decrease in pH. The maximum electronegative velocity was 
attained at 7 and did not change with a further increase in pH. 
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5. CONCLUSIONS 


(2) The processes of reduction at low and high current density ap 
different. } 

(6) Metal deposition from the chromic acid bath depends oy 
maintaining a definite pH in the cathode film. 

(c) At high current densities pure chromic acid can not be reduced 
owing to the formation of a colloidal layer. 

(d) The action of the sulphate is to lower the electrophoretic 
velocity of the particles of the sol and thus render the formation of , 
dense adherent layer improbable. 

(e) The sulphate is effective because it is a negative ion that js 
nonreducible and strongly adsorbable, and that forms positive molecu. 
lar ions with trivalent chromium. 


V. APPLICATIONS OF THE PROPOSED THEORY 


The utility of the proposed theory was tested by explaining the 
principal known facts of chromium deposition, and by making pre. 
dictions that were verified experimentally. The data used in these 
considerations were derived principally from the curves of Haring 
and Barrows (17) and of Farber and Blum (25), whose experimental 
conditions were clearly defined. These data refer chiefly to the 
2.5 M solutions of chromic acid. 

1. The sulphate ion is the most effective addition agent tried, 
This is to be expected in view of the fact it forms positive molecular 
ions with trivalent chromium and that it is highly adsorbed by the 
basic chromate. 

2. The effect of the sulphate is independent of the form in which 
it is added. This follows from the theory which involves only the 
sulphate ion or its complex with trivalent chromium. 

3. A low concentration of sulphate is effective. This is in accord- 
ance with adsorption phenomena and with the migration experiments 
recorded in this paper. 

4. The curve for the sulphate concentration versus the cathode 
efficiency passes through a maximum. The increase in the cathode 
efficiency up to the maximum represents the favorable effect of the 
sulphate in preventing the formation of a dense colloidal layer on the 
cathode. Beyond the maximum the adsorption is so great as to 
produce excessively large colloidal particles with a sluggish Brownian 
movement. This feature decreases the permeability and hence the 
efficiency. At the isoelectric point a colloidal layer is formed through 
precipitation. The deposits produced with excess sulphate are ust- 
ally nonadherent, owing probably to the precipitated colloid. The 
beneficial action of the sulphate occurs on the positive side of the is0- 
electric point.’ 

5. At higher current, densities the curve for the sulphate concentra- 
tion versus the cathode efficiency becomes flatter. This is because 
at the higher current densities more colloid is formed and the effect 
of a given increase in sulphate content is proportionally less. 

6. At higher temperatures the sulphate content is less critical, as 
was shown by Willink (32). This is because the sulphate is then 
not so strongly adsorbed, which tends to make the curve of current 





? Compare Frdlich (15). 
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ficiency versus sulphate concentration broad and similar to that 
obtained with the fluoride at lower temperatures. A higher concen- 
tration of sulphate is probably necessary in order to realize the maxi- 
mum efficiency. 

7. The curve for fluoride concentration versus cathode efficiency 
has a long flat maximum, in contrast to the sharp maximum of the sul- 
hate curve. The adsorption of the divalent sulphate ion will be 
nuch greater than that of monovalent ions, such as fluoride and chlo- 
ride. No electrophoretic measurements were made on the effect of 
the fluoride, but it is probably similar to that of the chloride. On this 
basis the difference in behavior can be explained. 

8. The acetate ion is ineffective. Acetates and other organic 
anions do not form green chromic complexes. 

9, The nitrate ion is ineffective. Carvath and Curry (1) reported 
that it produces black deposits with low efficiencies. The nitrate 
does not form green complexes under the conditions that obtain in 
these solutions and is not readily adsorbed by the sol. 

10. According to Miiller phosphates are completely ineffective. 
While the dihydrogen phosphate ton is adsorbed at least as much as 
the nitrate, chromium phosphate is very insoluble at the pH of the 
cathode film. 

11. Perchlorate is ineffective according to Miller’s polarization 
curves. As this is a stable radical it would appear ideal according to 
the theories of Haring, Ollard, and Piersol. However, the green 
form of chromium perchlorate does not exist, and the perchlorate ion 
isonly slightly adsorbed; hence, according to the theory presented in 
this paper, it is ineffective. This was confirmed by numerous experi- 
ments. In all cases a brown powder or no deposit was obtained and 
the metal efficiencies were very low (compare (33)). The solutions 
contained 2.5 M CrO; and from 0.1 to 1 M HCIO,, the current densities 
ranged from 10 to 50 amp./dm?, and the temperature was 45° C. 

12. Pure chromic acid can be reduced to trivalent chromium at low 
but not at high current densities. This is because at low current 
densities the chromium compounds have access to the cathode, while 
at high current densities the semipermeable colloidal layer prevents 
reduction. 

13. As the concentration of chromic acid is increased, the cathode 
eficiency is decreased. In view of the fact that the chromic ion is less 
readily reduced and slower than the hydrogen ion, the hydrogen ion 
concentration in the cathode film will be the most sensitive factor 
dependent on the rate of supply. With a greater concentration of 
acid in the body of the solution, the hydrogen ion concentration in the 
film will be greater, and hence the efficiency will be less. 

14. The cathode efficiency does not change greatly if the acidity is 
decreased by neutralizing part of the chromic acid with alkali. This 
conclusion (Farber and Blum) is in apparent contradiction with No. 13. 

e two cases are not strictly comparable. In this case the slower and 
less reducible positive ion (sodium) would permit a larger concentra- 
tion of dichromate ions to exist in the cathode film, and cause an even 
lower hydrogen jon concentration than would be expected on the basis 
of lowering the free acid. Apparently what occurs is that this condi- 
tion favors the formation of excessive amounts of the colloid, which 


132919—32 7 





374 Bureau of Standards Journal of Research [Vay 


counteracts the increase in efficiency due to lowering the hydrogy 
ion concentration. 

15. At 25° C. the bright plating range is decreased by an increay 
in the trivalent chromium content (18). This behavior is readily 
explained by the theory. It was also predicted that this effect coulj 
be counteracted by an addition of sulphate. The trivalent chromiyy 
increases the cathode efficiency, but also increases the colloid forny. 
tion at the cathode, especially at high current densities. By adding 
sulphate this effect should be eliminated. This was confirmed }j 
experiments with 2.5 M CrO,; in which the presence of about JN triyy. 
lent chromium required an increase of sulphate from 0.05 N to 0.15 N 
to widen the plating range. 

16. The cathode efficiency increases with an increase in curren 
density. This is because at the higher current density the hydroge 
evolution is greater (absolutely but not relatively) and hence th 
cathode film becomes less acid, and a higher potential is required fa 
hydrogen evolution, which factor favors a higher efficiency for th 
reduction of chromic acid. 

17. A still further increase in current density produces ‘burnt’ 
deposits. These contain oxides derived from the hydrolysis of the 
chromic ion when the hydrogen ion concentration in the cathode film 
is too low. 

18. The cathode efficiency decreases with an increase in temper: 
ture. The hydrogen overvoltage decreases with increase in temper: 
ture, and hence hydrogen evolution isincreased. This effect partially 
results from the more rapid convection with increasing temperature, 
which brings a larger supply of chromic acid into the cathode film ani 
increases the hydrogen ion concentration. 

19. Although many of the factors that give rise to the widene 
plating range at higher temperatures are beyond the theory presented, 
there 1s one important factor that can be accounted for. The shift 
of the plating range at higher temperatures to higher current densities 
is due to the fact that then a higher current density is necessary 10 
yield the intermediate hydrogen ion concentration necessary {0 
chronium deposition. 

20. The initial cathode efficiency is highest on metals with th 
highest hydrogen overvoltage. This feature is strictly beyond the 
theory, but is consistent with it. 

A number of other features of the process have been analyzed by 
means of the theory and explained. Only those that are regarded as 
the most outstanding have been reported. 
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PHYSICAL PROPERTIES AND WEATHERING 
CHARACTERISTICS OF SLATE 


By D. W. Kessler and W. H. Sligh 


ABSTRACT 


Tests on 343 samples of slate from the various districts gave the following 
average values: Modulus of rupture, 11,700 lbs./in.?; modulus of elasticity in 
flexure, 13,500,000 Ibs./in.?; toughness, 0.192; abrasive hardness, (H,) 7.6; 
absorption, 0.27 per cent by weight; porosity, 0.88 per cent; bulk density, 2.771; 
weight per cubic foot, 172.9 pounds. The strength, elasticity, and toughness 
values given above were obtained on oven-dried specimens tested in the strongest 
grain direction. Strength determinations on specimens that had been soaked in 
water for several days showed considerably lower values. The average ratio of 
the modulus of rupture of soaked specimens co that of dry specimens was 0.69. 

The examination of a considerable number of slate shingles which had been in 
service for periods varying from 12 to 130 years indicated that slate deteriorates 
mainly from a combination of chemical and physical causes. Slates containing 
both pyrite and calcite in appreciable amounts are subject to decay due to the 
conversion of a part of the calcite to gypsum. The increase in molecular volume 
causes scaling of the surface. Slate shingles exposed on the roof decay more 
rapidly on the downward surface, which is probably due to the leaching and con- 
centration of gypsum. A similar type of decay can be produced by alternately 
soaking and drying the slate. The slates which are more subject to this type of 
weathering can be disintegrated by 40 or 50 cycles of this treatment. 

Frost may cause deterioration, but the rate of this action is very slow. Aside 
from chipping off the scales near the edges already loosened in the trimming 
process, frost plays a very minor partin slate weathering. However, the freezing 
ff water between shingles which are nailed down tightly may cause breakage. 
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I. INTRODUCTION 


This paper embraces the results of laboratory studies on the com. 
mercial slates of this country and is a continuation of the general 
investigation relating to various types of stone. 

The samples were from nine different States, and consist, mainly, 
of the materials now found on the market. Fifty samples in the form 
of large blocks and a large number in the form of shingles wer 
collected especially for this work. Results are also given for numerous 
samples submitted for various Government buildings. Studies of 
slate weathering were made of shingles taken from buildings represent. 
ing exposures of from 12 to 130 years. 

While the scope of the paper 1s limited mainly to physical proper. 
ties, a brief description of the general characteristics and uses of slate 
is included as an aid in the interpretation of the results. 

The cooperation of the National Slate Association, Bangor Slate 
Association, Pennsylvania Slate Institute, The Structural Slate Co, 
and many individual producers was of great assistance and is grate- 
fully acknowledged. The Albion Vein Slate Co. supplied samples 
from each bed in its quarry at a depth from 190 to 240 feet. The 
tests on these samples indicate the variations in a section across this 
quarry and may also be applicable to other quarries on the sam 
“vein.” 

II. GENERAL DESCRIPTION OF SLATE 


1. ORIGIN 


All slates considered herein are assumed to have been formed from 
very fine argillaceous silts, originally deposited under water in hori- 
zontal beds. These beds were compacted by vertical pressures due 
to subsequent deposits of other sediments. Finally, horizontal pres- 
sures distorted the original beds into folds, some of which are now 
standing in a vertical position, while others are overturned and are 
resting in a horizontal position. The dynamic action which caused 
the folding of the beds also caused further consolidation and, by the 
aid of heat, a process of recrystallizatiop took place which resulted 
in a marked change in the mineral constituents. The predominating 
mineral in slate is found to be mica in the form of fine flakes. These 
flakes are arranged in parallel order, with the flat faces roughly 
parallel to the axes of the folds. As the original silts were formed 
from decomposing igneous rocks, the chemical composition of slate 
bears some relation to that of the parent rock. The geologic age of 
the slates ranges from Cambrian to Silurian. 


2. DISTRIBUTION 


Although slate deposits are known to exist in 17 States, it is now 
being produced in only 5 or 6. The latest statistics indicate that % 
per cent of the roofing slate is supplied by Vermont, Pennsylvania, 
and Virginia. A large portion of the slate from Maine is used 1 
electrical equipment. The Vermont-New York region supplies red, 
green, and purple slates for roofing, electrical, and structural purposes, 
as well as some dark and gray varieties for roofing only. Pennsylvamls 
also produces a large amount of structural and blackboard slate, %& 
well as a considerable quantity for electrical purposes. 
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© Sligh 
3. CLASSIFICATION 


' Slate is broadly classified under the headings of mica, clay, and 
| igneous slates. A mica slate is one formed from clay sediments, but 
the process of metamorphism is so eo ne that the clay content 
is very small. A clay slate is one in which clay still exists in appreci- 
| able quantities, while an igneous slate is one resulting from the meta- 
' morphism of a ledge of igneous rock. All materials included in this 
‘report are classified as mica slates. The slates of this country have 
' sometimes been subdivided into fading and unfading varieties; 
' but due to the misconceptions arising from such terms and difficulties 
' involved in defining such terms, this phase of the subject will be dis- 
' cussed under a separate heading. 


4. CLEAVAGE 


The distinguishing characteristic of slate is its fissility. Most 
types of rock may be split more easily in one direction than in another, 
' but in no other type is this property so prominent as in slate. The 
plane of splitting is commonly called the cleavage plane. Cleavage 
is evidently due to the parallel arrangement of the mica flakes and the 
+ elongation of other mineral constituents in the same general direction. 
Asmay be expected, the flattening of the mineral particles occurred on 
the sides exposed to the greatest pressure and the elongation in the 
direction of least resistance. The horizontal thrust which caused 
the folding of the original beds also caused the parallel arrangement of 
minerals; hence the cleavage is found to make various angles with 
the original direction of bedding, depending on the part of the fold 
_ being considered. At either the apex or trough of a fold the cleavage 
iscommonly perpendicular, while on the sides of the folds it is roughly 
parallel to the bedding. Not all deposits of slate are as simple as the 
case just described, and it can not be definitely claimed that horizontal 
pressures are necessary for the formation of slate. Probably the only 
necessary conditions are pressures from two opposite directions on a 
clay stratum with a limited degree of freedom to flow or yield in some 
| other direction. The direction of yielding will determine the cleavage. 


5. GRAIN 


A slab of slate having its broad faces parallel to the cleavage can be 
broken transversely in one direction more readily than at right angles 
to this direction. This direction of easiest breaking is called the 
“grain,” and is caused by the arrangement of the minerals. This 
feature is assumed to be due to a greater elongation of the mineral 
in the grain direction than at 90°. 

The grain or ‘‘sculp” of slate is advantageous in quarrying proc- 
esses. Mull blocks, or pieces taken from the quarry in convenient 
size for handling, commonly have the largest faces in the cleavage 
planes, the next largest in the grain direction, and the least across 
grain. Likewise in the finished product, when in the form of rec- 
tangular slabs, the largest, next largest, and smallest faces will bear 
the same relation to the cleavage, grain, and cross-grain directions. 
_ There are various ways of determining the grain direction in slate. 
Slate workers usually resort to the hammer and ascertain the easiest 
breaking direction in a slab. A means proposed by Jannetaz ! 





, | Jannetaz, E., Memoire sur les clivages des roches et sur leur reproduction. Soc. Geol. France, Bul. 
3d ser., vol. 12, p. 211, 1884, 
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depends on an assumed difference in thermal conductivity paralle 
and perpendicular to the grain. This means has not proven very 
satisfactory as applied to the slates of this country. A method use( 
with considerable success in this study is as follows: A square slab of 
slate is laid on an asbestos mat with a hole in the center of the latter 
about 1 inch in diameter. The flame of a Bunsen burner is applied 
directly to the slate surface through the hole. In a few seconds the 
slate will usually break in the grain direction. 


6. TEXTURE 


The term “‘texture”’ is commonly used by geologists, and miner. 
alogists in describing the state of aggregation of mineral components 
inrocks. This term in the slate trade has come into a somewhat mor 
restricted use in describing the character of the split surface. A slate 
which presents a rough cleavage surface when split in the usual way is 
said to have more ‘‘texture”’ than one that splits evenly. Within 
recent years architects have often shown a preference for what they 
call ‘‘textural roofs.”” By using the rougher splitting slates in various 
sizes and thicknesses they obtain what is designated as ‘‘roof texture.” 


7. COLORS 


The prevailing color of slates now being produced in Maine 
Pennsylvania, and Virginia is dark gray with slight tinges of blue, 
green, or occasionally brown. Generally the slates from Maine and 
Virginia present a somewhat darker appearance than the Pennsy|- 
vania slates, although the Peach Bottom slates from Maryland and 
certain beds from Pennsylvania are quite dark. That known as 
“oray bed’? from Pennsylvania, representing a minor part of the 
total production of that slate, is gray with a tinge of green. The 
production of red, green, and purple slate is now mainly limited to the 
Vermont-New York region. A purple slate was once worked i 
Maryland. Black, red, and green slate deposits occur in Arkansas, 
and green slates are now being worked to some extent in Georgia and 
Tennessee. 

8. COLOR PERMANENCE 


The apparent fading which occurs in some of the dark-gray slates 
seems to be due to an efflorescence of calcium sulphate which partially 
conceals the true color. During rains, when a slate roof is wet, such 
fading effects are not apparent, although the same roof may show 
considerable fading when dry. The source of the calcium sulphate 
will be discussed under the heading ‘‘ Weathering processes.”’ 

Some of the dark-gray varieties change to a rusty color after: 
period of exposure. This appears to be due to decomposition of the 
sulphides of iron in the slate. The first change is probably the 
formation of sulphate of iron, which is finally oxidizea on the exposed 
surface. 

Some of the green varieties of slate also change to buff or rusty 
brown after a few months of exposure. Such slates have been called 
“sea green” or ‘‘weathering green” slates. This change has beet 
ascribed to the conversion of finely divided particles of iron carbonate 
to the oxide. 

The red, most of the purple, and some of the green varieties underg) 
no appreciable change of color during long periods of exposure, 
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As no satisfactory laboratory test for color permanence has been 
| developed, it has been the practice to rely on past experience with the 
various deposits. Generally those slates which are low in carbonates 
' undergo the least color changes. 


9. RIBBONS 


Bands of different color, texture, and composition in slate are 
commonly called ‘‘ribbons.’”’ The most common ribbons are darker 
'in color than the main part of the slate and vary in width from a 
fraction of an inch up to several inches. Ribbons follow the original 
bedding planes of the clay deposits and represent periods of accumu- 
lated coarse particles in the sediments. The dark color is due to 
carbonaceous matter. Such ribbons are usually more absorptive and 
contain more calcite than the clear part of the slate. Fresh slate 
containing these ribbons usually shows no appreciable difference in 
strength whether broken through a ribbon or through the clear part. 
/On account of having coarser particles of quartz the ribbon offers 
| more resistance to cutting or grinding than other parts of the material. 
' The cleavage surface is more uneven and is often deflected somewhat 
at the ribbon. 
Fading effects as mentioned in section 8 above are more common 
‘along ribbons, and generally this part is less durable than the clear 
portion when exposed to the weather. 


III. FACTORS AFFECTING SERVICE 
1. SERVICE CONDITIONS 


Since the most extensive use of slate is for roofing purposes, the 
| foremost point of concern is durability. A roofing material is obvious- 
ly exposed to the most severe weather conditions. Roof tempera- 
tures may often reach 140° F., and the exposure offers no protection 
against the lowest winter temperatures. Moisture, ice, snow, and 
hail all contribute to the severe conditions. Wind storms deflect the 
rafters, and where slates are nailed down too tightly may strain them 
to the breaking point. Besides the normal weather conditions, slate 
is exposed to flue gases and the leaching from deposits of soot. Evi- 
dently the durability of slate in such exposure depends upon the 
resistance of the mineral component; hence a study of the composition 
is important. Strength, elasticity, and density are also important 
characteristics. 

Slate also finds extensive use in the form of heavier slabs for steps, 
floor tile, window sills, toilet stalls, tubs, sinks, etc. In such uses 
strength and density are important, but probably the most important 
property is resistance to abrasion. Where exposed to severe wear, 
as in floors or steps, the presence of hard veins is undesirable because 
they cause uneven wear. 

For blackboards the material has few competitors. Color and 
texture are the main considerations. In this use of the material, 
physical tests afford little information of value. 

Electrical slate is limited mainly to the products of those deposits 
which have high insulating values. <A slate of high absorption is 
hot apt to prove satisfactory for this purpose unless it is thoroughly 
dried and treated with some preparation to prevent the entrance of 





382 Bureau of Standards Journal of Research [Vals 


moisture. Strength and toughness are important properties, but the 
final test is that of electrical resistance, and this test it of little value 
unless applied to the entire panel. The producers of switchboards 
should have appliances for conducting such tests. 


2. FABRICATION PROCESSES 


Certain processes used in quarrying and working slate into the 
finished product may have a bearing on its service. The use of 
explosives in quarrying is quite general. Considerable waste materia! 
results, due to shattering, and it seems inevitable that some of the 
finished product will contain portions of the injured material. 

In splitting slabs from quarry blocks the practice is to separate the 
block into two equal parts by a middle split. The two halves are 
then divided into halves and so on until the desired thicknesses are 
obtained. In roofing slate, where no further finishing of the split 
face is required, there is necessarily a considerable variation in thick- 
ness. Slabs which are to be planed to definite thicknesses, as for 
structural or electrical purposes, must be split to a thickness con- 
siderably greater than the finished piece. Slates with curved cleay- 
age are not suitable for such purposes. 

The splitting process is varied somewhat according to the nature 
of the cleavage. Slates having an easy cleavage are split with a 
long-handled wedge driven into the block on one of the long edges 
and used as a lever. Slate blocks somewhat more reluctant to split 
are separated with one wedge, which is driven in the middle of one 
end and used as a lever. In the most difficult cases the driving of 
two or more wedges to start the crack is required, and the final separa- 
tion is made by forcing a long thin blade, shaped like a spatula, down 
from one end. In all of these methods there is an unavoidable strain 
produced which is transverse to the slab and greatest in the weakest 
direction. Thin roofing slates occasionally find their way into 
the stacks of marketable material which have partially opened trans- 
verse cracks running the long way of the shingles. The presence o/ 
such cracks can usually be detected by supporting the shingle on th 
knuckles of one hand and striking it with a light tool or pencil. I! 
free from cracks it should ring clearly. 

Slate shingles are usually trimmed to size, after being split to the 
desired thickness, by shearing with heavy steel blades. Although 
this would seem to be a severe treatment for so brittle a material, no 
very appreciable injury appears to be caused by shearing. However, 
it probably accounts for the fact that small fragments of slate are 
often found on the ground near slate roofs. That the slight fracturing 
near the sheared edge does not affect the durability of the slate 1s 
indicated by the fact that decay is more rapid on other parts. 

Nail holes are more frequently punched than drilled. Machine 
punching is usually considered to be more satisfactory than hand 
punching, although the process is about the same in both. The 
punch is driven from the side that is to be laid downward. Where the 
point comes through there is enough chipping around the hole to 
produce a recess that serves the purpose of countersinking for the 
nail head. Observations on old shingles seem to indicate that punch- 
ing is more injurious than the shearing, as decay often begins around 
the hole before it does on other parts. Some trimming and punching 
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' must be done by the roofer. As this is done under less favorable 
' conditions than at the plant, it is more apt to prove injurious. Fur- 
' thermore, slate is less brittle when fresh from the quarry than after 


| it has become seasoned. 
IV. COMPOSITION OF SLATE 
1. MINERAL COMPOSITION 


| The prevailing mineral in the commercial slates of this country is 
' sericite mica, which accounts for 30 to 40 per cent of its bulk. Next 
in order is usually quartz or carbonate of lime, although chlorite, 
‘kaolin, or carbon is occasionally found to be next in abundance. 
Pyrite, magnetite, and rutile are usually present, and occasionally 
' talc, hematite, rhodochrosite, zirocon, tourmaline, pyrrhotite, apatite, 
| limonite, and feldspar. These minerals occur as small scales, lenses, 
or crystals, the greatest dimension of which is generally a small 
fraction of a millimeter. 


2. CHEMICAL COMPOSITION 


Chemical analyses made in connection with this study have been 
confined mainly to weathered slates to determine what changes have 
occurred. Chemical analyses of various slates have been compiled 
by Dale in United States Geological Survey Bulletin No. 586. The 
' variations shown for slates from different regions are as follows: 
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0.4 to 1.9. 
1.5 to 3.9. 


0.2 to 2.0. 





The chemical composition of various minerals occurring in slate 
as given in textbooks on mineralogy are as follows: 


H2KAI;(SiO,)3. 
(HK)2(Mg, Fe)2(Al, Fe)2(SiO,)s. 


Muscovite 
Biotite 
Quartz 


Magnetite 
Tourmaline 
Kaolinite 
Siderite 


PLU. 


CaCOs3. 
H;(Mg, Fe) sAl Si;04s. 


Fe,0, 


R,Si0;, R= Al, K, Mn, Ca, Li. 


H,AlSi2O¢. 
FeCQs3. 


Due to the complex nature of some of these minerals, it is a very 


difficult, if not impossible, task to determine the true composition 
from a chemical analysis. Referring to the molecular formulas given 
above for the predominating minerals in slate, it is seen that silica 
(S10.) may be ascribed to muscovite, biotite, quartz, chlorite, tour- 
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maline, or kaolinite; iron oxides (Fe,0; and FeO) to biotite, chlorite. 
magnetite, or siderite; alumina (Al,0;) to muscovite, biotite, chlorite. 
tourmaline, or kaolinite: lime (CaQ) to calcite or tourmaline; magne. 
sla to biotite or chlorite: potassia (K,O) to muscovite, biotite, or 
tourmaline; soda (Na,O) to muscovite; carbon dioxide to calcite or 
siderite; sulphur (S) to pyrite; titanium (TiO,) to rutile. Water 
(H,O) determined below 110° C. is considered to be present in the 
form of moisture within the pores, while water determined above 110! 
C., may form a part of the minerals muscovite, biotite, kaolinite, or 
one of the chlorite group. Sulphur anhydride (SOs) i is seldom present 
in appreciable quantities in fresh slate, but in weathered slates it 
indicates the presence of gypsum (CaSO2 4H,0). 
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FiaurE 2.—Relation of flexural strength to moisture content of slate 
!Each point on the curve is the average of six strength tests. 


V. PHYSICAL TESTS 
1. STRENGTH 


The flexural strength of slate is commonly determined instead of 


compressive, tensile, or shearing strength because of facility in ¥ 
paring the specimens. In this work a specimen 12 inches long, 4 
inches wide, and of thickness varying from one-eighth to one-half 
inch was generally used. These were tested on the apparatus shown 
in Figure 1. The pieces were supported on knife-edges of the rocker 
type spaced 10 inches and loaded at the middle through a third knife- 
edge. Loads were added in 10-pound increments. The strength was 
] 
computed by means of the modulus of rupture formula R = ue in 
which W =breaking load, 1/=length of span, b= width, and d= thick- 
ness, the load being in pounds and dimensions in inches. 
The strength was usually determined ‘‘across the grain’’; that 15, 
the long dimension of the specimen was parallel to the grain direction, 
and hence the fracture was transverse to this direction. Several tests 
were also made “‘parallel to the grain” in which the fractural occul- 
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Apparatus used for determining the flecural strength and elasticity 
of slate 
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red in the grain direction. Results of strength tests on slate in the 
dry condition are given in Table 1. 

The effect of absorbed moisture on the strength was studied by 
tests on several samples ufter 14 days’ soaking. The pronounced 
reduction in strength is shown in the last column of Table 2. Figure 
2 shows strength determinations on several specimens of one slate 
tested with various amounts of absorbed water. This shows the 
importance of drying before the strength test if truly comparative 
results are desired. 


TABLE 1.—Modulus of rupture—specimens dry 
MAINE SLATES 





Modulus of rupture, 
Num- thousands of Ibs./in.? 
_— Source of sample Variety 
ples Maxi- | Mini- | Aver- 
mum |} mum age 








Portland Monson Co Blue black. 
sees Maine Co ne 
do. 
Rising & Nelson Slate Co. Do. 


























VERMONT-NEW YORK SLATES 





9.8 ae " Sea _. 
7.6 ae. a 

13.9 ie Silver § gray. 
1L1 . Do. 
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SINS Cpe 


CO > ww oe acwTww 


1 
1 
1 
1 


12.0 ~ eee ee Gray and black. 
11.3 aes ote Do. 
8.6 oa apioeWauwe | Greens and purple. 
8, 2 i i Do. 


NInNCOG wnoowo 


a >a green. 


et at bet 
PR SPSRPF Neon 


Dark purple. 
Green and purple. 
| Colonial gray. 


NID 


-_ 
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ae lane and purple. 
Do. 


é | Purple. 
. Do. 


— 


-| Green and purple. 
Do. 


2 sas, g green. 


= 
PH OARD MWOENN Sp~m~o vxA© 


oarkon-O 


Gueia rend purple. 
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“ Arabian red.” 
Do. 
Semiweathering gray. 
>) 


Non onan 
—~ 


at at ht pet _ 
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0. 
Mottled purple. 
Do. 























PENNSYLVANIA SLATES 


HARD VEIN REGION 





Smooth texture. 
. Do. 

Rough texture. 

Smooth texture. 








See footnotes at end of table. 
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TaBLe 1.— Modulus of rupture—specimens dry—Continued 


PENNSYLVANIA SLATES—Continued 


BANGOR REGION 





Modulus of rupture, 
Num- thousands of Ibs./in.* 


| 
Serial ber of = r of | 
| 





\ Tari a 
No. sam- | ber 0 Source of sample Variety 
ples Maxi- | Mini- | Aver- 


mum mum age 








18 | 16. 2 9. 3.7 | Structural Slate Co_.-..--. on 4 clear. 

10.8 .8 

ae... ribbon. 
Do. 


Bangor clear. 
Bangor ribbon. 
Bangor clear. 
Griffith C onsumers Co..-- Do. 
Starrett Equipment Co-_.- Do. 


Do. 

Do. 
Bangor ribbon. 
Bangor clear. 


Bangor ribbon. 
Do. 
Bangor clear. 


Bangor ribbon. 
Bangor clear. 


asin 


Bangor ribbon. 
Bangor clear. 
Bangor ribbon. 
Bangor clear. 
Bangor ribbon. 





ho “¥2 
i 00 











Deep bed clear. 
Albion clear. 


0. 
Albion black bed. 
Albion ribbon. 


— 


NS OPM NOAH SSgewgo 


Clear. 


Do. 
eep bed clear. 
Ribbon 


Blue gray. 
D 


= > OO IQ COM ROO 


0. 
Blue gray, 300-foot 
level. 
Gray Bed. 
Do. 


_ 
@o 


Ribbon. 
Do. 
Clear. 


Do. 
Do. 


Do. 


= 
rer 
000 


NOMS OM 
Ono - OO 


ry 
_ 





_ 
_ Oo 
hOwwor 


— 
to 


- | 
ee ‘ 1 


= 
a 




















See footnotes at end of table. 
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TABLE 1.— Modulus of rupture—specimens dry—Continued 


PENNSYLVANIA SLATES—Continued 


WIND GaP REGION 








Modulus of rupture, 
thousands of lbs./in.? 





Maxi- 
mum 


Aver- 
age 


Mini- 
mum 


Source of sample 


Variety 








11. ¢ 
5. 6 
10. 
4. 
9. 
10. 


6. 











Structural Slate Co_-.-._-- 
i 


Phoenix Slate Co-__...----- 
Imperial Slate Blackboard 
Co. 








Clear. 

Do. 
Ribbon. 

Do. 
Rough texture. 
Clear. 


Do. 





SLATINGTO 


N REGION 








12. 4 
10.3 
6.8 
12. 15 


12.1 
11.7 
10. 4 
8.5 


Neot Ono w 
anh > CAwoem 





Franklin Big Bed 
Structural Slate Co 


Washington Big Bed 
Slatington Slate Co 
Kern Slate Co 
Shenton Slate Co 





Clear. 
Do. 
Do. 
Rough texture. 


Clear. 

Do. 
Rough texture. 
Clear. 





VIRG 


INIA 





pt et et es 





10. 2 
12.5 
10.6 
7.3 
5 


an8 
2. 85 


| 


Blue black. 
Do. 
Do. 

Do 


| Greenish gray. 
D 


0. 





MARY 


LAND 








Ijamsville 
et See 


Purple. 


Do. 
Green. 


| Blue black. 




















Green. 








11.0 
6.7 





Green. 
D 





ARKANSAS 








12 
113 
1§ 














| 
4.95 
8.1 





1 Specimens broken across the grain. 


2 Specimens broken along the grain. 
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The remarkably high flexural strength of slate is probably due to 
its compactness and the reinforcing effect of the mica particles. The 
difference in strength between the two grain directions indicates the 
effect of the elongation of the mica flakes in the grain direction. The 
lubricating action of water in its effect on strength of stone has been 
emphasized by Julien *? and by Baldwin-Wiseman and Griffith.’ 

Besides affording a ready means of comparing various slates, the 
flexural strength is of interest in connection with most of the uses of 
the material. When slate shingles are nailed down too tightly they 
may be strained to the breaking point due to wind pressures deflecting 
the rafters. Breakage of shingles on roofs due to workmen walking 
on the slate or placing ladders. on the roof is an important consider- 
ation. The flexural strength is a factor in determining the thickness 
of slabs for various uses. There appears to be no general relation 
between the strength and durability of slates from different districts, 


TABLE 2.—Results of modulus of rupture tests—specimens wet 








Modulus of rupture, thousands Ratio 
Number | N of pounds/in.? wet 
Serial No. ! of f —s ___| strength 
jspecimens 28 | to dry 
Maximum | Minimum | Average | strengt! 
| 








oo ow we 


----| 
| 


| 
| 
| 


on acoe Nw OOH 


eww we wo 
wSCwwnww 


eo 
_ 
Ne 


oo w 


| 





oo mm & 


| 
| 


| 














| 





1 Identification of serial numbers given in Table 1. 
4 Specimens broken along the grain. 
§ Specimens broken across the grain. 


The average modulus of rupture and extreme values for slate from 
various regions obtained by tests on dry specimens broken across the 
grain are as follows: 





Number 


District of tests 


Average | Maximum } Minimum 





Maine. ro ee 21 11, 700 = 9, 500 
Vermont-New York. . 68 10, 600 5, 300 
Hard Vein, Pa- : » 73 | 18, 600 i, 8, 400 
Bangor, Pa- CP Bree es Sees He 156 12, 500 * 7, 90 


Pen Argyl, Pa.--- 5 - 431 11, 500 6, 800 
Wind Gap, Pa-- as: ok, ae — uae 21 10, 900 
Slatington, Pa.- eed Seaien hia 35 11, 800 
Virginia . fas ale sae 62 10, 500 

















4 Building Stones, J. Franklin Inst., April, May, and June, 1899. 
§ Minutes of the Proc. Inst. of Civ. Eng., vol. 179, p. 290, 1909 





Load in pounds 
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2. ELASTICITY 


The modulus of elasticity in flexure is easily determined in con- 
nection with the modulus of rupture test by making deflection 
measurements at various loads. Determinations in connection with 
this work were made by suspending the deflectometer shown in 
Figure 1 from rods laid across the specimen above the supporting 
knife-edges. The gage used indicated deflections of 0.0001 inch. 
Usually deflection readings were recorded for each 20 pounds incre- 
ment of load. ‘The modulus of elasticity, H, was computed by means 
of the formula 

WwW’ PB 


4Abd* 
in which A is the deflection corresponding to some chosen load W’, 


and /, b, and d are the same dimensions used in the modulus of rupture 
test. 


E= 


240 


mm 
So 
oO 


= 
So 


0 
v0 
S 
0 
a 
y 
G 
9 
a 


— 
Oo 


@ 
Oo 


RK 
oS 


——+ 


Oo 


0 Ol 0 Ol 0, O| O° 0 0 Ol 
Deflection (inch) 


Fiaure 3.—Stress-strain curves for slate in flexure 


Figure 3 shows a few stress-strain relations for slate specimens in 
lexure. In general there is a smallfdeviation from a straight line for 
loads above half of the breaking load, but no definite yield point is in 
evidence. 

Elasticity determinations have been made in both grain directions 
on dried specimens and across the grain on several wet specimens. 
The modulus values are usually somewhat lower for tests on wet 
specimens, but show no appreciable difference for tests made in 
diferent grain directions on dry specimens. The average value of 
F obtained was 13,500,000, with a maximum of 18,000,000. There 
appears to be less variation in the EF values for slates from different 
legions than in other properties. The average / and extreme values 


132919—32——_8 
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determined across the grain on dry specimens for the main producing 
districts are: 





Number 


of tests Average Maximum Minimum 


District 





Maine 18 15, 100, 000 18, 000, 000 13, 100, 
Vermont-New York : 63 14, 500, 000 17, 600, 000 12, 000, 00 
ok. i, , ORR ee cetera 45 15, 300, 000 16, 700, 000 13, 000, 0 
RES Ls eee ee 13, 500, 000 16, 300, 000 10, 200, 0) 





Pen Argyl, Pa_---- ee ccdgbavenseoadiasenE ace 25: 12, 900, 000 15, 900, 000 9, 800, 00 
Slatington, Pa... -_-- sale ashi hemel 2° 13, 400, 009 15, 200, 000 11, 300, 00 
Wind Gap, Pa aera al 12, 400, 000 13, 800, 000 9, 800, 00) 
a eae wonenene--| 56 14, 700, 000 16, 400, 000 12, 400, 00 











3. TOUGHNESS 


Merriman’s test * for toughness with slight modifications has been 
employed in this work. This consists in determing the maximum 
deflection for a given span and thickness of specimen when loaded 
in the middle. Merriman used a 22-inch span and recorded the 
highest observed deflection. In tests made for this report the mav:- 
mum deflection A for a 16-inch span and three-sixteenths-inch thick- 
ness was computed from the modulus of rupture F# and elastic modulus 
E by the formula 


227 R 
a 


This method was found more expedient than to grind the specimens 
to an exact thickness and observe the maximum deflection, since the 
grinding to a definite thickness is a very tedious process. A consider- 
able variation in this property is indicated by the toughness values 
shown in Tables 3 and 4. 


TABLE 3.—Results of toughness tests—specimens dry 


| rofl 

Maximum deflection of 16-inch span and 
| 346 inch thickness 
Number 
of samples} 





Serial No.! = 
Number 


. | Maximum | Minimum | Average 
of tests 


Inch 
0. 142 
. 192 
. 139 
. 245 


. 212 
. 164 
217 
. 182 





. 226 
. 202 
- 161 
. 140 


. 194 














4 Strength and Weathering Qualities of Roofing Slates, Trans. Am. Soc. of Civ. Engrs., No. 551, vol, 27 
September, 1892. 


Ke 


Slit 
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TABLE 3.—Results of toughness tests—specimens dry—Continued 











| Maximum deflection of 16-inch span and 
| 3{6 inch thickness 
Se 5 Number 
Serial No.1 of samples 
Number Pg ae = 
of tests Maximum | Minimum | Average 
00, 000 
100, 000 
100, 00 Inch Inch Inch 
00, 000 f 23 0. 197 0. 184 
\ 33 . 167 “15: . 161 
100, O64 f 23 <a , 111 
00, 000 \ 32 . 130 Lt . 126 
00, 000 
00, 00 { 13 197 . 12: . 160 
33 155 . 105 . 134 
{ 23 . 180 t . 166 
33 . 163 -115 . 142 
f 23 . 213 4 . 209 
\ $3 . 134 a . 125 
eel f 23 . 181 : .172 
1umM \ 33 . 169 
ded f 136 
1 | . 154 
the f 230 
aXl- . 208 
1ck- f 186 
\ 


. 226 
. 249 
. 232 


. 189 


ulus 


. 247 
. 173 
. 233 
. 166 


. 271 
. 199 
. 254 
. 238 
. 246 


bor CO wwacw 


. 223 
. 148 
. 206 


— tm OD 


hee nO 





at et et fk et 


ne 
a | 


es Mr 


Cwrenoe 




















oe oe 


see footnotes at end of table. 
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TABLE 3.—Results of toughness tests—specimens dry—Continued 


| 


Maximum deflection of 16-inch span ang 
| 346 inch thickness 
| Number 


jof samples 





Number 
of tests 


Maximum | Minimum | Average 
| 
| 








Inch Inch 

0.191 
. 183 
. 208 























1 Identification"of serial numbers given injTable 1. 
? Specimens broken across the grain. 
’ Specimens broken along the grain. 





L Verage 


a 


Inch 
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The average and extreme values from tests across the grain on dry 


specimens for various regions are: 





District 


Bangor, Pa. ---- 


Pen Argyl, Pa---- 
Wind Gap, Pa 
Slatington, Pa 
Virginia..----- 





Number 
ot tests 


A 
Average 


A 
Maximum 








0. 178 
- 163 
. 204 
. 205 


. 205 
- 196 
- 197 
- 164 





0, 245 
. 230 
. 249 
. 271 


. 250 
. 227 
- 229 








TABLE 4.—Results of toughness tests—specimens wet 


Minimum 










Serial No.! 


Number 
of samples 


Maximum deflection of 16-inch span and 


Xe inch 


thickness 





inion 


of tests 


+ Maximum 





Inch 
0. 126 


Minimum 


Inch 
0. 120 


Average 


Inch 
0. 124 


- 136 - 131 . 134 
. 089 . 065 - 080 
. 180 - 131 . 161 
. 134 . 126 . 130 


- 127 . 090 | . 105 
. 150 118 . 131 
. 132 . 121 . 125 
. 183 - 165 - 176 
- 172 - 113 . 143 


. 202 .114 - 168 
. 192 . 169 
. 185 - 172 
. 176 . 132 





. 184 - 170 
. 151 . 140 
. 180 - 167 
. 176 - 127 




















‘Identification of serial numbers given in Table 1. 


Specimens broken along the grain. 
‘Specimens broken across the grain. 


This test is of value in showing the flexibility of the material. 
Other properties being equal, a slate of high toughness is less apt 
to break under a given strain than one of lower toughness. This 
property is sometimes used as a specification requirement. 


4. ABRASIVE HARDNESS 


_ The apparatus used in determining the abrasive hardness values given 
in Table 5 is described in detail in the Proceedings of the American 
society for Testing Materials, volume 28, part 2, 1928, pages 855-867. 
The result is expressed as a reciprocal of the volume abraded under 
controlled conditions in a given period of time. The specimens, which 
were 2 inches square and 1 inch thick, were weighed and subjected 
to the abrading process, after which they were weighed again. By 
means of the apparent specific gravity of the material the weight 
08s Is. converted to volume, since this gives a more definite basis of 
comparison. The reduction formula is 


-, _10 (2,000+ W,)@ 
H_=-— 2,000 W, 
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in which W, is the weight of the specimen, G the apparent specifi 
gravity, and W, the loss of weight by abrasion. The constant loa 
on the specimen during the grinding is 2,000 G which is augmenta 
by the variable weight of the specimen. In applying the correctio, 
for the weight W, the average of the original and final weights ; 
used. The reciprocal relation is used in order to give values in cop. 
formity with the usual conceptions of hardness; that is, low value 
for soft materials and higher values to harder materials. The facto 
10 in the numerator is used arbitrarily to avoid values less than unity 
for soft materials. 


TABLE 5.—Resulis of abrasive hardness tests 


| | 
| 
Number | ; 
Serial No.! of 
| samples | Number 


Hardness values (//, 


|} Maximum } Minimum 
| 


of tests 
| | 


a 


ee 
noaoocrt. 


et 
One t 


et fet et et 





— CO ee 
NANN NNON NPS 





ole) to & tot 


~ 
Pay 
ONWO HWePNHH HYWNHWSOW ON O-1t 











1 Identification of serial numbers given in Table 1. 
? All specimens contained ribbons. 
’ Nine specimens contained ribbons. 


A comparison of the H, values in Table 5 with the service recoris 
of various slates shows considerable evidence that hardness } 
directly proportional to durability. However, the very low H, vali 
for one slate, which has so thoroughly established its good weathers 
quality by long service, can be cited to prove that no general relation 
between hardness and durability exists. 

The range in hardness values for slates from different districts wé 
not found to be as great as for other materials of a given type, * 
marble, limestone, etc. The average and extreme H, values ‘0! 
various regions were as follows: 





Weathering Characteristics of Slate 395 





H, maxi- | Hg mini- 
mum mum 


Number of 


District Toate H, average 

















. | 

> | 
| 

t 





The dark “ribbons” in the slates from Pennsylvania are usually 
jore resistant to abrasion than the parts of the slate free from rib- 
ns. According to Dale ® and Behre,® this is due to the presence of 
arser Quartz particles in the ribbons. 

The abrasive hardness of the material is of interest in cases where 
tis to be used in floors, steps, sills, sinks, table tops, etc., but prob- 
pbly has no significance in connection with roofing slate. 


5. ABSORPTION 


The absorption test is frequently used in roofing-slate specifications, 
nd there appears to be a relation between absorption values and 
veathering qualities. The values given in Table 6 were determined 
n slabs from 4 to 6 inches square and from three-sixteenths to one- 
fowth inch thick. These were dried at 100° C. for 24 hours for the 
ry weight, and then completely immersed in water at room tem- 
peratures for 48 hours. Absorption results are given in percentage 
v weight, which were determined by dividing the weight of water 
absorbed by the weight of the dry specimen. The weight ratio is 
ommonly used in specification tests, but the volume ratio is a more 
lelinite means of comparison. ‘The errors arising from the use of the 
weight ratios are not as great for slate as for most other materials, 
ince the variation in ‘“‘bulk density”? from one slate to another is 
vomparatively small. 


TABLE 6.—Results of absorption tests 
~ ©-iee . ' 
Absorption by weight 
boi 7d a eee. ee Ae oe 
Serial No.¢ | of sam- | | | 
| 4S iN 2 ss | 
ples Number | Maximum } Minimum | Average 
of tests | | 
| 
| Percent | Percent Per cent 
0. 08 0. 05 0. 06 
. 06 | . 02 . 03 
. 04 | . 03 ‘ 
. 20 . 06 
4m .07 


to 
own 


a 


x 


.29 . 08 


- 23 | 


mr DO bo bo 
thw e100 











a et et pe 
TnorK ek 


ray 


‘ ldentification of serial numbers given in Table 1. 


iu. 5, Geological Survey Bulletin No. 586 
‘late in Northampton County, Pa., Bul. M9, Topographic and Geologic Survey of Pennsylvania, 1927. 
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TABLE 6.—Results of absorption tests—Continued 





Absorption by weight 
Number |__ 
Serial No. of sam- 
ples Number 
of tests 





Maximum | Minimum 





Per cent Per cent 


_ 
NwWNOAaAao 


_ 
“aonwe 
~ 


me CO eN 
oOo 


> — — n = 
INO ATH SEL SHOOK D 2H HS Oe > mow eo 


_ 


on 








1 
4 
1 
1 
2 
1 
2 
1 
1 
1 
1 
1 
1 
6 
0 
1 
1 
3 
2 
1 
3 
6 
3 
2 
1 
4 
3 
5 
6 
1 
2 
2 
1 
4 
3 
1 
2 
3 
1 
4 
2 
2 
1 
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— 


rr 
Or PEO OHWhe 


RS C9 tet pet est tpt bts es OD 
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A study of the relations between absorption and certain other 
properties of slate has been made by computing the correlation 
efficients. A high degree of correlation would be expected to exist 
between absorption and porosity, but the correlation coefficient ob- 
ained for the results of these determinations was 7r=0.70. Two 
factors may be expected to influence this relation—first, the rate of 
sorption and, second, mineral composition. A better correlation 
between these properties might be obtained by determining the 
sorption values for a longer period of immersion and using the 
-olume ratio instead of the weight ratio. The loss of strength due to 
oaking in water suggests that there may be a relation between the 
amount of water absorbed and the strength loss; however, the com- 
putation of the correlation coefficient for these values gave r=0.25, 
vhich indicates a very small relationship. In the acid tests, to be 
escribed below, the decay is caused by converting the particles of 
alcite to gypsum. Since the measurements are based on the depth 
below the surface to which the decay occurs, one might expect a 
relation to exist between the absorption values and the depth of 
afggsoftening for slates of similar composition. A study of such relations 
‘Mi \vas made from 61 determinations on the slate from one quarry which 
gave r= —0.18. The negative value indicates a reciprocal relation, 
rt that the more absorptive slates are more resistant to the acid 
action. ‘The reason for this is believed to be due to a variation in the 
calcite content of the various samples rather than to differences in 
absorption. 

The average absorption and the range (48 hours’ immersion) in 
percentage by weight for various regions were as follows: 





Absorption 


Number of 
tests 





District 


Average Maximum | Minimum 





Per cent Per cent | Percent 

Maine. ga. A ecient eke ; : 0. 05 0.08 | 0. 02 
WUMONOINGW SOli.<ccccsccccecccscacces : ot ae . 42 . 05 
Hard Vein, Pa._...-- eS. eet ers od .16 .37 .10 
IR) RE Sa) AS 8 ES eR aay 28 &. | a1 


Pen Argyl, Pa_...- “a ; ; 48 . 30 . 75 | 11 
Vind Gap, Pa. Fe as te : ¢ .38 -5 23 
Slatington, Pa... epee oe 8 . 29 45 | Ms 
Virginia + ; j 06 31 | . 00 














6. POROSITY 


The porosity of a material is usually expressed as a percentage of 
the void space to the total volume. Table 7 gives the rasults of 
several porosity determinations on slate. The values were deduced 
from the results of true and apparent specific gravity determinations 
as follows: 

100 (7-—A) 
P= mene eit 
where 7’ and A are respectively the true and apparent specific- 
gravity values, 
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TABLE 7.—True specific gravity, apparent specific gravity, porosity, and weight per 
cubic foot 





iin 


True specific gravity | Apparent specific gravity Po- 
rosity| Weight 

| Per | per 
: Num-|wum- = cent | cubic 

| Maxi- ber of |; Maxi- | Mini- by | foot 


| mum sam- ber of mum | mum vol- 
S| tests 
| ples 





Serial No.! 





9} 2.809 
6 | 2.822 
6 | 2.809 
18 | 2.776 
6| 2.773 


~] 


6 
6 
6 
6 
6 


767 
803 
4a 

803 
812 


NNN PNK 
O~3I-) 


NPPNNP 
D 5] 
NPNPP 
NPPNWP 
oe 


6 
6 
6 


786 
811 
795 
792 
795 


PYPPP 
PPWNw 
bo tO te bo bt 
PPNNW 
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765 
791 
770 
769 


440 


PPNNN 
NYwwp 
PPHRPN 
1 ’ 1 





771 
773 
780 
780 
. 764 


ad 
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hwy 
I~] 

PYPPNb 
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802 
791 
769 
784 
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NSPPNNN 
Ins] 


751 
767 
771 
747 
769 


oe hee 
PywPwp 
Is] 





789 
760 
. 754 
787 


743 
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= th no 
NPNNH PNPNW 
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1 Identification of serial numbers given in Table 1. 
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' Porosity values are of interest in studying the weathering qualities 
of a material, but, in general, the determination is too difficult and 
tedious for specification purposes. A sufficiently accurate indication 
of porosity for comparative purposes is obtained by the absorption 
ttest. Evidently the porosity value for any material should be 
equal to or greater than the volume absorption value. In the specific- 
gravity determinations the true value was determined on one speci- 
ment of the sample and the apparent on another. The porosity 
values are so small that a slight error in either determination or a 
slight variation of the material will lead to erroneous porosity results. 

Most of the porosity values found were between 0.3 and 1 per cent, 
although one value was 0.14 per cent and another over 4 per cent. 
The latter was obtained on a sample taken from the surface of the 
ground and hence is not representative of material below the weath- 


ered zone. 
7. SPECIFIC GRAVITY 


The ‘true specific gravity’”’ of a porous material may be consid- 
ered as the ratio of the weight of a certain volume of material to the 
weight of the same volume of water at the same temperature, assum- 
ing that the material has been compressed until the pores are entirely 
filled. It is not feasible to eliminate the pores by compression, but 
the material can be pulverized until the component particles are 
separated. Determinations given in Table 7 were made on material 
pulverized and passed through a 100-mesh sieve. Various types of 
specific-gravity apparatus were tried, but the most concordant re- 
sults were obtained with the LeChatelier flask. As this apparatus 
requires a much larger sample than other types and the process is 
less tedious, it was employed for the tests. By using considerable 
care in removing the air from the powders and correcting for tempera- 
ture differences between the initial and final volume readings it was 
found possible to obtain quite consistent results. A 95 per cent ethyl 
alcohol was used as the liquid, since there was no difficulty in immers- 
ing all of the powdered material in it, while other liquids had a ten- 
dency to float some of the fine powder. 

The apparent specific gravity of a porous material is the ratio of 
weight of a certain volume of the material in its natural state to the 
weight of the same volume of water at the same temperature. The 
results given in Table 7 were determined from dry weights of regular- 
shaped specimens and the corresponding volumes obtained by weigh- 
ing the saturated specimens immersed in water. The reduction 
formula was 

wd 


A=— 
W2— Ws 


where w,=dry weight of specimen, d=apparent density of the water 
at the temperature of observation, w.= weight of the specimen after 
immersion in water for 48 hours, and w;= weight of saturated speci- 
men suspended in water. It is necessary to use soaked specimens for 
determining the weight suspended in water to prevent errors due to 
absorption during the operation. 


8. WEIGHTS PER CUBIC FOOT 


Having determined the apparent specific gravity or ‘bulk density” 
ofa material, it is only necessary to multiply this value by the weight 
ofa cubic foot of water in order to deduce the weight per cubic foot 
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of the sample. The results in the last column of Table 7 were ob. 
tained by multiplying the average apparent specific-gravity value {q 
each sample by 62.35. The average and extreme weights per cubjy 
foot for slate from various districts were as follows: 


Weight per cubic foot 





cotpin Number Pager er , 
District of tests Average }; Maximum | Minimun 








ee ——, 
Pounds Pounds Pounds 
ESTE, <Page ae, Ses eeee 75. % 
Vermeer 5 ON i 
NE Paes Pee! eee 
i he a ee ed é : 172.6 


Pen Argyl, Pa sia aii hia om Sirti . 5 172. 
Wind Gap, Pa-.--.-..--.-- Ataduddccduiddcidvavdeu 3 171. 
Slatington, Pa aa . ‘ ad bas g 172. 
| RE ae ee bat ‘ 52 174. 8 

















The above values, considered in conjunction with service records 
of the slates, afford considerable evidence that a correlation exists 
between bulk density and durability. However, as will be shown 
later, the durability of slate is influenced to such a large extent py 
the presence of small amounts of certain minerals, it would not }e 
logical to base judgment upon this determination alone. 


VI. WEATHERING CHARACTERISTICS 
1. WEATHERING PROCESSES 


In the study of slate weathering, about 60 samples of old shingles 
were collected which had been exposed to the elements for various 
periods of time up to 131 years. Where an appreciable amount o/ 
decay was in evidence the decayed portion was subjected to a partial 
chemical analysis to determine if any alteration in composition of the 
less stable minerals had occurred. Specimens were also subjected to 
strength, toughness, and absorption tests to determine the physical 
alterations. A summary of these results is shown in Table No. 8. 


TABLE 8.—Summary of tests on weathered slate 





| 
| Average Averag 
| Average modu- Average A’ aT 
Num- lus of rupture toughness | absorption 
ber F values by weight 
of 
Producing region sam- hes 
ples Wea- Wea- Wea- b 
exam- ther- | Fresh} ther- ther- — Tough- 
ined ed slate} ed ed on ture ness 
slate slate slate I 


Indicated change per year 
due to weathering 





Absor 








Lbs./ 
Years |Lbs,/in.2| in? Inch Lbs./in.2} Inch {i 
Maine 46 | 11, 700 |10, 100 0. 168 . OF . 06 —85 |—0. 0002 |+0.! 
Vermont-New York. Q 10, 600 | 8,700]. -160} .1i 7X —47 | —. 0007 

Hard Vein, Pa_-_.- 13, 600 | 9,000] . -168] . h —85 | —. 0006 NI? 
Soft Vein, Pa! 11, 700 | 9,600}. 189] .3 . 68 —100 | —.0005 | +0le 
Virginia 10, 500 | 9,600]. . 144 | . 06 15 —11 —, 0002 | WL 



































1 Slates from Bangor and Pen Argy] region. 


A large range in the resistance of the various slates was evident from 
the examination of weathered samples. The chemical analysis re- 
vealed, in most cases, a considerable amount of gypsum in the 
weathered portion, while the fresh slates showed almost none. !t 
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iceemed probable, therefore, that some of the calcite in the slate was 


onverted to gypsum in the weathering process. Two means were 
considered possible for this change—first, the action of sulphur acids 
from the air on the calcite, and, second, an interaction between the 
sulphide minerals and calcite. Sulphides of iron are usually present 
in slate. 

If gypsum could be formed from an interaction of the constituent 
minerals of slate, it was assumed that the weathering process could be 
simulated in the laboratory by merely soaking and drying the material 
several times. The following experiments were made for that pur- 


‘pose: Three samples of slate were selected which were known to have 


poor weathering qualities. Determinations of SO; were made on each 


hn the original condition and after the samples had been subjected to 


30 cycles of soaking and drying. The following results were obtained: 
SO; 
Sample No. 1: Per cent 
(a) In original condition 
(b) After 30 cycles of soaking and drying . 50 
Sample No. 2: 
(a) In original condition . 01 
(b) After 30 cycles of soaking and drying . 50 
Sample No. 3: 
(a) In original condition -o 
(b) After 30 cycles of soaking and drying . 23 


A portion of each of these three samples, after the soaking and 
drying process, was powdered and leached with distilled water. The 
leach was then filtered and evaporated. An abundance of crystals 
was obtained which was examined with the petrographic microscope 
and proven to be gypsum. In these experiments it was considered 
that the sulphur acids of the air could play no appreciable part and 
that the gypsum was due practically entirely to the reaction between 
the calcite and sulphide minerals, the oxygen necessary for completing 
the SO; radicle being drawn from the air. 

It was desirable to study the reaction between iron sulphide and 
calcite alone as well as in the presence of carbon. For this purpose 
four mixtures were made, as follows: (1) Equal parts of calcite and 
pyrite; (2) equal parts of calcite and marcasite; (3) same as (1) with a 
small addition of carbon; (4) same as (2), with a small addition of 
carbon. The four mixtures were placed in open beakers, covered with 
distilled water, and allowed to stand for seven hours at room tempera- 
tures. The beakers were then set in a drying oven at 110° C. for 17 
hours. The 7 hours’ soaking and 17 hours’ drying constituted a cycle 
which was repeated one hundred times. The water-soluble matter 
was then extracted and determined as follows: 





Sample No. CaSO, 





Per cent 
7.0 
2.3 


14.9 
6.0 














These experiments indicate that a chemical reaction between 
pyrite and calcite or between marcasite and calcite occurs under such 
conditions and results in the formation of gypsum. They also 
indicated that the presence of carbon accelerates the rate of reaction. 
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Since this chemical change has been found to occur in slates cop. 
taining appreciable amounts of calcite and iron sulphides, it remains 
to be considered how this may produce decay. The gypsum molecu 
requires about twice as much space as the calcite molecule, hence th 
conversion to gypsum of a calcite crystal, which is embedded jn 
another material, must produce stresses in the surrounding material, 
Slates containing considerable amounts of both pyrite and calcite. 
when subjected to several cycles of soaking and drying, disintegrated 
almost completely. Slates of the same kind in actual exposure on the 
roof of a building are found to decay more rapidly on the unexposed 
parts. This seems to indicate that in service the solubility of gypsum 
comes into consideration. As the rain water leaches downwari 
through the slate some of the gypsum is carried in solution and 
deposited at a lower level. By this process the gypsum is con- 
centrated on the lower sides of shingles and the recrystallization 
within the pores causes internal stresses. The analyses made on 
weathered shingles showed, in most cases, a concentration of gypsum 
in the decayed parts. 

Soaking and drying tests have been made on numerous samples o! 
slates which were known to have poor weathering qualities by drying 
at 110° C. for 17 hours and soaking 7 hours. Under such conditions 
some of the samples showed signs of decay in 30 cycles and an a/- 
vanced state of disintegration in less than 50 cycles. Some producers 
contended that the drying temperatures were too high in these tests 
and out of proportion to those of service conditions. For this reason 
a series of tests was made in which the drying temperature was 
50° C. This temperature was assumed to be about equivalent to 
roof temperatures on hot summer days. The results are given in 
Table 9, and show that the deterioration occurs under such conditions 
but at a much slower rate. 


TABLE 9.—Soaking and drying tests with absorption and weight determinations 
after 200 cycles 


| ave absorp- 
tion by weight | Average 
of specimens change in 
weight of 


| Final appearance of 
f speci- 


specimens 


Serial No.? | so —— 





Original | After 200; mens 
Papers’ cycles 


| 


| 
Per cent | Per cent | Per cent 
| No apparent change 
0. 06 | 0. 08 —0. 05 Do. 
Do. 


Do. 
. 02 . 0: . 05 Do. 
Do. 
Do. 
. 09 ‘ . 06 Do. 
Do. 


| 
| § 
. 08 ‘an .05 |} = Do. 
| 


‘ ' ' ' ' 
' ' 
ee ee, ee en pn, a, 





Do. 
Do. 


. 08 —.03 Do. 
| Do. 








CNR ON KON FON ON whe 
—— 





Do. 
.14 .16 —.03 i Do. 
| Do. 

1 In the first 100 cycles each cycle consisted of 17 hours drying at 50° C., followed by 7 hours immersion 2 
water at room temperatures. In the second 100 cycles each cycle consisted of 24 hours drying at 5v' ‘ 
and 24 hours immersion in water at room temperatures. 

2 For identification of serial numbers see Table 1. 
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after 200 cycles—Continued 
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| Taste 9.—Soaking and drying tests with absorption and weight determinations 





Specimen 
No. 


Sho CON Cone 


i) 


one 


coh 


one 


td 


w 


WR ON ON whe 


ow 





Co 


ow 
CNR WON FONE WN EON HEWN EWN EWN HEH WN ONhe whew 


| 
| 
J 
J 
| 
| 
| 
J 
il 
J 
| 
J 
| 
| 
J 
| 
J 
| 
J 
| 
\ 


| 


Cy 


‘| 
| 
| 
a 


Average 
tion by 


absorp- 
weight 


of specimens 





| Original 
| condition 
} 


After 200 
cycles 


Per cent 


0. 11 


.14 


12 








Per cent 


0. 16 


Average 

change in 

weight of 
speci- 
mens 


Final appearance of 
specimens 








Per cent 
+0. 04 | 


—. 01 
| 





J 
5 |! 
| 


‘| 
{| 


3 {I 
ale 


I 
J 
| 


. 02 


o4 .| 


| 
5 |I 
|| 
vlad 
= | 


6 | 
. 04 


| 
| 
i 


| 





. 04 


| 
| 
| 





Those not so marked are clear slate. 


No apparent change. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

need cracks on 2 edges. 

No — change. 
do. 
a 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

Hair cracks on 4 edges. 
No apps arent change. 


Hair a i on 1 edge. 
Cracks along 2 edges. 
No apparent change. 
Hair cracks on 1 edge. 
No apparent change. 
Hair cracks on 2 edges. 
Hair cracks on 1 edge. 
No ——— change. 


De. 

Do. 

Do. 
Ribbon badly cracked 
No apparent change. 
Hair cracks on 4 edges. 
Hair cracks on 3 edges. 
|| Hair cracks on 4 edges. 
No apparent change. 
Ribbon disintegrated. 

Do. 

Hair cracks on 4 edges. 

Do. 

Do. 
No apparent change. 

0. 

Do. 

Do. 

Do. 

Do. 
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In order to determine if a relation exists between the results obtaine; 
in the soaking and drying tests and the resu ts of actual weathering 
is necessary to have some definite measure of the deterioration. It js 
fair to assume that a decrease in strength or an increase in absorptio, 
is indicative of deterioration. In Table 9 is shown the computed ra 
of ‘‘strength loss”’ and “‘absorption increase”’ per year for weathera 
slate from five producing districts. These rates are based on the 
average strength and absorption results obtained on the fresh materi] 
as compared to the results obtained on slate shingles after exposure to 
the weather. It was found that these yearly rates of change wer 
approximately one-twentieth part of the corresponding chang 
obtained in 200 cycles of the soaking and drying test when the speci. 
mens were dried at 50° C. Figure 4 shows the ‘‘ absorption increases" 
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Slate Producing Districts 


Fictre 4.—Relation between strength loss for 20 years weathering, absorp- 
tion increase for 20 years weathering and absorption increase in the soaking 
and drying test 


Plotted points are the respective averages of all specimens from five districts as follows: A, Maine; 8, 
Vermont-New York; C, Hard Vein, Pa.; D, Soft Vein, Pa., EZ, Virginia. 


obtained in the soaking and drying tests plotted with the computed 
‘absorption increases” and “‘strength losses” for 20 years weathering. 
These curves indicate that the soaking and dry ng test gives results 
similar to those of actual weathering. 

Thermal expansion and contraction of the component minerals hes 
often been mentioned as a possible cause of deterioration. This was 
studied by means of a series of tests on samples from five districts. 
The samples were heated in an oven for 17 hours and laid out in the 
laboratory for 7 hours. Two of the samples were disintegrated by 
63 cycles but the others were continued in the test to 554 cycles. 
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Photomcrograph of calcium sulphate crystals obtained by evapo- 
wing the leach froma sample of Pen Argyl (Pa.) slate which had been heated 
coole d 310 cycle 4 


6.—Photomicrograph of calcium sulphate crystals obtained by evapo- 


) the leach from a sample of Bangor ( Pa.) ribbon slate that had been 


and cooled 63 cycles 





In w: 
freez: 
freez! 
and 

taker 
when 
2,436 
cycles 


tests, 
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The results were judged by means of inspection and by absorption 
ests after 25, 50, and 554 cycles. The detailed results are given in 
Table 10. Thes ates which had previously shown a high resistance to 
the soaking and drying test showed little deterioration in the heating 
and cooling procedure. As those samples which decayed in this test 
presented about the same appearance as samples which decayed in - 
soaking and drying test, they won, examined for gypsum and it wa 
found in considerable amounts. ures 5 and 6 are ilanciane- 
graphs of the crystals obtained by ny ec serial Nos. 58 and 27, 
respectively. Hence, it is probable that decay was caused mainly by 
the formation of gypsum. Most of the samples showed considerable 
resistance to the heating and cooling process, especially those of low 
calcite content, which seems to indicate that the effect of temperature 
changes on slate is slight unless it results in such chemical alterations 
asdescribed above. ‘The tests also indicate that considerable amounts 
of moisture are not necessary to bring about the reaction. Further- 
nore, they supply a c.ue to the cause of decay sometimes noted on 
interior slate installations. 


laste 10.—Effect of repeated heating and cooling on slates from five different regions 








Per cent absorp- 
tion by weight 
after 48-hour 
immersion 


Observed condition of specimens 





Z 


< After 20 cycles After 63 cycles After 100 cycles After 554 cycles 


Original 

condition 

After 554 | 
cycles 





-—2> 
oe 


visible effect....| No visible effect_...| No visible effect....| No visible effect__ 


‘ S 
ii) 
Noe 
es 
Oo 


"teeing at rib- 
bons.? 





a No visible effect...) . 32) . 2 
ing at ribbon -| Badly decayed-_...-. . 48/1. 76) (3) ea 
isible effect_...| No visible effect_. Considerable de- 37) . 40/2, 88} ( 














velling at ribbon.| Badly decayed 46/1. » (3) |- 
| 











Identification of serial numbers given in Table 1. 
On ls spec imen the ribbons were crumbling at the surface. 

‘Specimens were too badly decayed for absorption determination. 1 specimen of No. 58 was in an 
anced ste ate of decay at 310 cycles. 


= Frost action is considered to be one of the common causes of stone 
weathering. Table 11 gives the results of freezing tests on 18 samples 
irom the various districts. 'The samples were slabs 4 inches square 
and approximately one-half inch thick. They were soaked 14 days 
before freezing was started and then thawed each time by immersion 
in water at about 20° C. for 30 minutes. The temperature of the 
lreezing chamber was maintained at approximately — 10° C. and two 
ireezings were made each day. In these tests only one sample failed 
and this occurred after 1,374 cycles. This sample was originally 
taken from the surface of the ground and showed signs of weathering 
when received. Five of the samples were continued in the test until 
2,436 cycles were reached and the others were discontinued after 1,743 
cycles. The results were judged by inspection and by absorption 
tests, 
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TaBLE 11.—Results of freezing tests 





| Average absorption by 
| Speci- | Num- |, _,. | weight 
Serial No.! men | ber of | poms 
No. cycles 2 | 


Remarks 


| 

| 

; |fSharp corners chipped off in 
\ places. 


oor Wwror~ 


| 
| 
| 
| 
| 


; |fCorners chipped off in place 
\ cleavage cracks. 


Ook whow 


| 

| 

lem , 1 oli ' 
f Corners chipped slightly and som 
| ing on cleavage faces. 


Oo em Who 


One Che 


} 
|f Considerable scaling on cleavage fac¢ 
\ more in evidence at ribbon 














BOA®AaAR anaconno 





Oar wrn~ 


| 
{Effects mainly confined to scaling 
\ cleavage faces. 


1 
2 
3 
4 
5 
6 


aAcsoRneeo 





Orie CORD 





rAaaaao 


oc 


| 
| Some scaling on cleavage faces 
| 


=a 


5 |{Considerable scaling on cleavage faces 
|| more pronounced at ribbons. 





Ook Whore 
Qaaa00 


69 63 | 35 ap pe Scaling on cleavage fact 


| and corners chipped. 
1 Identification of serial numbers given in Table 1. 
2 A cycle consisted of 1 freezing and 1 thawing as outlined on p. 405. 

+ The final state of the specimens was estimated by inspection and expressed in 8 stages as follows: ‘ 
signifies no decay, “‘h” advanced state of decay. The intervening letters represent about equal stages 0! 
decay between ‘‘a’’ and “‘h,” 

‘ Percentage of water absorbed during the freezing and thawing process. Len 
: 5 “ bsorption obtained by drying the Specimens after the freezing procedure and then immersing then 
lor ours. 

® Absorption of samples in original condition. 


1 
2 
3 
4 
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TABLE 11.—Results of freezing tests—Continued 





Average absorption by 
Speci- | Num- weight 
men ber of 
No. | cycles? 


Condi- 


> Remarks 
tion 3 oes 


Serial No.! 





A‘ B5 Ccé 
| 





Per cent|Per cent|Per cent 


| 
| 
| 





a sSurface scaling on cleavage faces; cor- 
0. 65 0. 56 0. 32 |. ners chipped. 





Some specimens scaling considerably. 


Considerable surface scaling. 





ow Oo b> e 38 








No definite sign of decay. 











or CORD 


Cracked and crumbled. 


wre 





1.12 |{Surface scaling and some cleavage 
. i. cracks. 


ore 





ee footnotes on p. 406. 


While all of the samples showed an increase in absorption after 
repeated freezing and thawing, and while surface scaling was observed 
in most cases, it can not be said that any sample (except one men- 
tioned above) had reached an advanced state of decay. In view of 
the large number of cycles of freezing it may be concluded that the 
action of frost on slate is not a very serious cause of decay. ‘This is 
especially true of those slates which are subject to the chemical changes 
discussed above, since that action is several times as severe. How- 
ever, it should be considered that when decay has started from any 
cause then frost action can proceed at a more rapid rate. 


2. WEATHERING TEST PROCEDURE 


The soaking and drying test requires a month or more to carry 
the weathering process to a definite visible stage. A more rapid 
s acceptance test is often desirable. Several procedures, such as the 
change in strength or absorption, have been used to measure the 
elects of the weathering test at some intermediate stage of the proc- 
és. The strength criterion has not proven very satisfactory, 
because one can not determine the original strength of the actual 
specimens used in the weathering test. Determinations on separate 
specimens of the sample may prove very misleading, due to the 
natural variation of the,material. Figure 7 shows the average 
strength losses for a large number of specimens after 10, 20, and 30 cycles 
disoaking and drying. In this series of tests the specimens were dried 
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17 hours at 110° C. and soaked 7 hours at about 20°. This shows 
that the strength loss up to 20 cycles is slight and unless a larg 
number of specimens are averaged the effect might not be discerned. 
Absorption tests can be made on the same specimens before and 
after the soaking and drying process, and such tests afford a more 
reliable criterion than strength determinations. An indirect means 
which offers considerable promise consists in determining the gypsum 
content of the sample before and after the weathering process, and 
using the gypsum increase as a measure of weathering. 

A test procedure which has been used to some extent for judging 
the weathering qualities of slate consists of soaking the specimens {or 
seven days in a 1 per cent solution of sulphuric acid. The depth o 
softening is then determined by gaging the thickness of the specimens 
at several points, scraping off the softened layer at these points and 
gaging again. By using a dull blade for the scraping and standard- 
izing the conditions of the process it is possible to obtain fairly 
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Ficure 7.—Average strength-loss for 16 samples of slate from 1 
district after 10, 20, and 80 cycles of soaking and drying 





consistent results. This test converts the calcite near the surface to 
gypsum and causes decay similar to that obtained in the soaking 
and drying test. Slates which have a low calcite content are not 
appreciably affected by this test. The absorption of the slate may 
have a marked effect. Evidently this test would lead to erroneous 
conclusions if applied to slates containing considerable calcite, but very 
little sulphide of iron. All of the slates now being produced in this 
country contain considerable amounts of pyrite so the acid test 13 
applicable to our present commercial materials. 

Table 12 gives the results of such tests on several samples repre- 
senting the various producing districts. Figure 8 shows the relations 
obtained by plotting the average acid resistances of slates from the 
various districts with absorption increases due to actual weathering 
as well as absorption increases noted in the soaking and drying test. 
This test indicates no appreciable difference between the durability 
of slates from districts A, B, and E, all of which are generally accepted 
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to be durable materials. It does show a greater difference between 
districts C and D than is indicated by either the soaking and drying 
test or by the examination of weathered samples. ‘The test is 


advante uzeous in cases where the results must be had in a short period 


of time. It seems to be fairly reliable in distinguishing between the 
good and poor grades within certain districts but its general appli- 
cation to all types of slates is not justified by the results of this 
investigation. 
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Depth of Softening (in.) for 7 da. immersion 











D 
Slate Producing Districts 


FicurE 8.—Relation between absorption-increase for 20 years weathering, 
absorption increase during soaking and drying test and depth of softening 
in sulphuric acid test 


Plotted points are the respective averages of all the specimens from five districts as follows: 
A, Maine; B, Vermont-New York; C, Hard Vein, Pa.; D, Soft Vein, Pa.; E, Virginia. 


TaBLE 12.—Sulphuric acid tests with depth of softening measurements after seven 
days in 1 per cent H,SO, 





| 

} Depth of softening 
Number | __ e.. an i 
Serial No.! of sam- l | 
les Numbe Maxi- Mini- | 
ples imber AX fin Anente 
of tests mum mum 


Inch Inch Inch 
0. 002 0. 000 0. 001 
. 003 . 000 . 002 
. 001 . 000 . 001 
. 001 . 000 . 001 
. 002 . 000 . 001 





_ 


Ornmnaew OC > » OOO 





. 003 . 001 . 002 
. 001 . 000 . 001 
. 003 . 000 . 002 
. 002 . 001 . 002 
. 002 . 001 . 001 

















‘Identification of serial numbers given in Table 1. 
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TABLE 12.—Sulphuric acid tests with depth of softening measurements after seven 
days in 1 per cent H,SOs—Continued 





| | 
| } Depth of softening 
| Number 


























Serial No. | of sam- | 
| ples Number! Maxi- | Mini- 
of tests | mum | mum Average 
| | 
Rei : a Fes as . 
| | Inch Inch Inch 
15__. 1 8 0. 001 0. 000 | 0. 001 
__ ETN RE SEE tera ere 1 s . 002 . 000 0 
17. iti 1 8 . 001 . 000 0 
RSE PS I ES i aes 1 8 . 001 . 000 00 
"RE SES SERRE DEI PE Ret 1 8 . 002 . 001 001 
= 1 & . 001 . 000 . 001 
bia sat camhdane ded eae sae w aeeeee 1 8 . 003 . 000 001 
a eee Seen 4 26 . 005 . 000 002 
24 ae SW is els a Uns a ce arceieiese ro ae 2 12 . 006 . 001 0 
a i a 6 = eae 1 6 . 007 . 001 004 
29 2 | 14 . 024 . 008 
ee See As : ] 6 . 018 .013 | 
36 1 3 012 . 010 | 
utiles socaanboones ; al 1 4 017} =. 012 | 
40 i --| 1 6 . 016 . 007 
| | 
| ES 1 | 6 . 016 | . 009 | 01 
"| EAE RY A Oe RO ae ae Se | 1 | ) . 007 | 001 | 00 
TRE OT hah 1 | 9 024 | 010 | ( 
49. oe 1 | 9 ‘011 | 1.006 
| eee 1 | 6 . 004 | . 001 
| 
53..... Pere bb rcerceers Jo Ss wo | 150 017 | 001 | 
52a 2 4 O11 | . 002 004 
53_- 1 | 3 003 001 “002 
Ee SE eG me 2 | 10 . 010 | . 001 005 
56 1 | 6 | . 004 . 003 004 
57- 2 3 | 15 - 007 | . 001 105 
60__- ' a | 1| 6 003 | 001 m2 
61_ a Rei See l 6 015 . 002 007 
62... ae pesos 2 | 16 [005] [001 | 
_, ES ES ad 1 | 8 .012 007 | 
ee ‘ ooooet 1 | 6 .017 . 004 | ‘ 
| Se ED, Oe ee ee, Se | 1 | 2 | . 010 . 007 | 
REE EEE ITE EP FELON 1 | 6 . 014 | . 007 
ES ee ee ee | 1 | 6 | - 005 | . 002 
| PREETI OES EL IEEE. 1 | 3 . 020 | 017 is 
ae s : = 3 | 20 | . 002 . 000 | HW) 
| 
a eae ee re -_ 1 8 | 002 001 | 002 
82 1 8 | . 002 O01 | 01 
_, BR Oe 1 8 | . 002 . 001 | K 
2 | 24 | . 005 | . 000 002 





VII. CONCLUSIONS 


The flexural strength of slate is much higher than other types o! 
roc k used for structural purposes. Although most slates are stronger 
across the grain than along the grain, this ratio varies greatly with 
different deposits. The effect of moisture in decreasing the strength 
is more marked than for other common types of rock. 

2. The elastic modulus of slate is high in comparison with other 
types of rocks. The high flexural strength of the material enables 
it to be used in relatively thin slabs which have considerable 
flexibility. 

3. Although the porosity determinations in some cases were of 
rather uncertain precision, they seem to indicate that the void spaces 
in slate are usually less than 2 per cent of the volume. 

4. The bulk density (apparent specific gravity) of slate varies 
between the limits 2.74 and 2.89, the average being 2.78. 
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5. The abrasive hardness of slate is about equal to that of the harder 


oolitic limestones in present-day use in this country. 


6. Slate is probably affected to some extent by frost and atmos- 
nheric acids, but the major weathering action is due to, first, chemical 
interaction between certain mineral constituents and second, internal 
stresses resulting from the newly-formed compounds. 

7. The weather resistance is decreased by appreciable amounts of 
calcite and pyrite existing together. The presence of free carbon 
with these two minerals lessens weather resistance. 

8. Tests on several samples of weathered slate shingles indicate 
that the early stages of decay are accompanied by an increase in absorp- 
tion and decrease in strength. These facts may be found of value in 
deciding upon the use of shingles which have been exposed to the 
weather for a few years at the plant or the reuse of shingles removed 
from a building. 

9. The most reliable weathering test for slate appears to be the 
soaking and drying test. For the slates now being produced in this 
ountry the sulphuric acid test gives a sufficiently accurate indication 
of weathering qualities for specification purposes. For slates con- 
aining a considerable amount of calcite but no pyrite the sulphuric 
acid test would probably lead to erroneous conclusions. 

10. The possibility of injury to slate due to diurnal temperature 
thanges alone is remote. The chemical transformations occurring in 


Slates, containing considerable amounts of calcite and pyrite, proceed 


even in dry weather, but at a much slower rate than when more 
noisture is present. This fact probably accounts for the decay some- 
imes noted in cases of interior slate construction. 

11. Color changes in slate are of two kinds: First, those due to con- 
ealment of the true color by an efflorescence giving the effect of fading, 
ad, second, oxidation of ferrous minerals resulting in a more perma- 
ent color. 

12. The so-called fading of dark-colored slate is confined mainly 
0 those varieties containing considerable amounts of calcite and 
yrite. This phenomenon accompanies the weathering process and 
s believed to be a result of the same chemical changes which produce 
eay. Color changes due to the oxidation of ferrous minerals are 
onfined mainly to certain varieties of green slate and results in a 
ange from green to brown. Occasionally dark-colored slates take on 
i brown color after exposure to the weather. This appears to be due 
0a decomposition of the pyrite and oxidation of the iron compounds. 


WASHINGTON, June 21, 1932. 








RP478 


RADIATION FROM CASSIUM AND OTHER METALS 
BOMBARDED BY SLOW ELECTRONS 


By C. Boeckner 


ABSTRACT 


The absolute intensity and intensity wave-length distribution of the radiation 
om Cs, Cr, Ni, Mo., and W is measured and found to be similar for all five metals. 
ontrol measurements are also made allowing the effect of surface contamination 
be estimated. It is found that the radiation from contaminated surfaces is 
ssually much more intense than from clean metals. It is pointed out that the 
inilarity between the radiation from cesium and other metals makes it probable 
hat the radiation is analogous to the continuous X rays and is not due to the 
xcitation of electron levels characteristic of the metal. 


CONTENTS 


I. Introduction 
Il. Experimental 
. Method 


Absolute intensities 
2. Experimental uncertainty 
3. Radiation from contaminated surfaces 
’. Discussion 


I. INTRODUCTION 


It has been observed in this laboratory that a small metal electrode 
angmuir probe), drawing a heavy electron current in a gas dis- 
harge, emits radiation. The properties of this radiation, dependence 
ipon the metal used as electrode, the energy of bombarding electrons, 
ric., have been set forth in two previous papers. 

The principal facts may be summarized as follows: The spectrum of 
adiation is continuous and of almost constant intensity throughout 
he visible and ultra-violet. Exceptions are silver and copper which 
bossess Intense selective emission bands. The absolute intensity of 
he radiation for most metals is about the same. For electron ener- 
ies of 2 or 3 volts the spectrum has a short wave-length limit, the 
requency of which is connected with the work function of the metal 
tnd the electron energy by the familiar Einstein photo-electric equa- 

o. The intensity of the radiation is of the order expected for the 
bremsstrahlung” produced by electrons with energies of the order 
sed, which Te that the radiation is similar in orgin to the con- 
inuous X rays 

The present work is a continuation of the studies described in the 
inst two papers in the earlier work. The absolute intensity measure- 
lents were few and the results discordant. It was therefore decided 
0make more extensive absolute measurements and at the same time 
ook for unknown factors, such as surface contamination, which might 
nf ue nce the results. 


FL Mohler and C. Boeckner, B.S. Jour. Research, vol. 6 (RP297), p. 673, 1931; vol. 7 (RP371), p. 751, 
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It was also decided to measure the radiation from several metals no: 
studied previously, namely, Cs, Cr, Mo, and Ni. The radiation froy 
ceesium was considered of particular interest because of the exception)| 
properties of the metal and because a cesium electrode surface in , 
cesium discharge could be kept very clean.” 


II. EXPERIMENTAL 
1. METHOD 


For information concerning the technique, the original papex 
should be referred to. Some details, however, will be mentioned, 
The intensity measurements were made by the usual photographir 
methods, using an incandescent tungsten strip at various temper. 
tures as a comparison source. An E2 Hilger quartz spectrograp) 
was used to photograph the spectrum of the radiation and quart 
fluorite achromats were used to focus the image of the electrodes oy 
the slit. 
A low-voltage hot cathode discharge in cesium vapor was used a 
a source of electron current to the probe. The discharge tube wis 
placed in a furnace at about 170° C. to maintain the required ( 
vapor pressure (several thousandths of a millimeter). 
The electrodes were usually in the form of cylinders 2 to 4 mm iz 
diameter. The sides were insulated by glass tubing and the {lai 
polished ends exposed to the discharge. 


2. CONTROL MEASUREMENTS 


A number of control measurements were made in order to locat: 
possible sources of contamination of the probe surfaces. In the 
earlier work the probes had been placed in the negative glow of th 
discharge, near the barium oxide coated platinum cathode. It wis 
suspected, however, that barium or oxygen evaporated from thi 
cathode might contaminate the probe surface. Measurements wer 
therefore made in the negative glow, using a tungsten cathode, and 
also in the positive column some 15 cm from the cathode. 

In most of the work the probes were outgassed at 400° C. and thi 
metal surface cleaned by several hours’ bombardment with 100-volt 
Cs ions. To ascertain the effect of better outgassing and a possibly 
cleaner surface, a tungsten electrode was used in the form of a wit 
0.4 mm in diameter and 1 cm long. The wire could be heated to 
incandescence and outgassed by current passed through it from 
insulated supporting leads. 


3. MEASUREMENT OF THE C2SIUM RADIATION 


A specially designed tube was required for the measurement of the 
radiation from a cesium electrode. A tungsten wire, 2 mm in diam 
eter and several centimeters long, was sealed into the glass wall o! 4 
discharge tube, the inner end being flush with the glass wall. 1 
other end projected from the tube and through the walls of the furnace 
into the air. Upon blowing air against the end of the wire the end 1 
the discharge was cooled sufficiently to condense a bright layer 0 
cesium upon it. If the electron current to the probe was too lary? 


=> 





? A cesium vapor discharge was found to be most suitable as a source of current to the electrodes due” 
the relative scarcity of lines in its are spectrum. Scattered light from the discharge is a serious diflicu!t) 
the type of work described here. 
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the cesium evaporated; if too small it would spread over the sur- 
rounding glass wall. A current and voltage could easily be found for 
which the cesium just covered the end of the wire. The cesium 
could be evaporated and deposited many times during the observa- 
tions, thus insuring a clean surface. The diameter of the cesium 


ergs/micron.ampere 





L ! ! ! 
4400 4000 3600 3200 2800 
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FiaurE 1.—Absolute intensities of radiation from metals 





Ordinates, intensities in ergs per ampere in a micron wave-length range. ‘‘o’’ tungsten 6.5 volts; 
“+” cesium 9 volts. 


disk, a knowledge of which was necessary in order to determine the 
current density, was evaluated from the size of the image on the 
spectrograms. It may be mentioned that a monatomic adsorbed 
cesium layer present on the other metals studied does not, of course, 
constitute a difficulty in the case of a cesium electrode. 
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III. RESULTS 
1. ABSOLUTE INTENSITIES 


The curves of Figure 1 give the results of the intensity measure. 
ments. The intensities are given in ergs in a micron wave-length 
range emitted by a square centimeter of the electrode surface and fo; 
a current density of 1 ampere per square centimeter.’ The measure- 
ments are given together in one figure in order to illustrate the simi- 
larity between the metals. It will be seen from the following para- 
graph that the differences between them are not much greater than 
the experimental uncertainty. 


2. EXPERIMENTAL UNCERTAINTY 


A series of measurements on tungsten electrodes will illustrate the 
influence of various factors on the intensity and the magnitude of the 
experimental uncertainty. An electrode near the cathode yielded 4.5 
ergs per ampere at 3,700 A for electron energies of 6.5 volts; in the 
positive column, 15 cm from the cathode, 4.1 ergs were obtained; 
the filament electrode, which could be cleaned and outgassed by 
heating to incandescence, gave 5.6 ergs. The first two electrodes 
were outgassed at 400° C. and cleaned by ion bombardment. The 
agreement is fair and shows that the latter method of outgassing and 
cleaning is satisfactory and that contamination by material evapo- 
rated from the cathode is not serious. Fluctuations in check measure- 
ments were usually of the magnitude illustrated above. As causes 
of the variations there may be mentioned, in addition to surface con- 
tamination and photometric difficulties, the uncertainties in the 
current collecting area of electrodes due to variation in fit between the 
glass insulators and the metal cylinder. 


3. RADIATION FROM CONTAMINATED SURFACES 


Before cleaning by ion bombardment the electrodes were sometimes 
visibly stained. The radiation from such surfaces was usually very 
intense; after a few seconds ion bombardment the intensity would 
drop to a much lower value. Changes could usually be detected, 
however, after an hour’s cleaning by ion bombardment.* It was 
suspected in some cases that a layer of tungsten oxide evaporated 
from the tungsten cathode might be responsible for the intense radis- 
tion. Measurements were, therefore, made with a layer of tungsten 
oxide evaporated upon the electrode from a near-by oxidized tungsten 
filament. The radiation was found to be ten times more intense than 
that from a metal, but to have about the same intensity distribution 
between 4,500 and 2,700 A. Measurements made at low voltage indi- 
cated a work function of about 2.4 volts, somewhat higher than that 
for a metal in cesium vapor. The surface layer was, however, soluble 
in water and was probably a compound of cesium and tungsten oxide 
formed during evaporation in the presence of cesium vapor. A 
grayish white layer of oxide, formed during evaporation in the absence 
of cesium, emitted radiation two or three times stronger than the 
metallic radiation. 





> The variation of intensity with angle is supposed to be similar to that of a black body. sets 
4 Publishe j data on sputtering indicates that the ion current densities used here remove of the order of 2 
atomic layer in a second. 
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The measurements of the radiation from aluminum previously 
reported were from a contaminating layer which seems to form upon 
an aluminum surface in a cesium discharge. The peculiar minimum 
in the voltage intensity relation reported in the earlier paper is 
characteristic of this layer and not of aluminum. 


IV. DISCUSSION 


The fact that the radiation from cesium is similar to that from 
other metals is of some interest in connection with the theory of its 
origin. One possibility is that the radiation is analogous to the con- 
tinuous X-ray spectrum and is produced by the deceleration of the 
bombarding electrons in the fields of the metal atoms. Another sug- 
sestion supposes that the primary electron ejects a free electron from 
the metal and that another free electron then falls into the vacated 
level with emussion of radiation. The latter explanation would pre- 
dict that, for sufficiently great energy of the bombarding electrons, 
the spectrum would possess a fixed short wave-length limit, the fre- 
quency of which corresponds to the energy spread of the free electron 
levels. For most metals the width of these levels is of the order of 10 
volts and the limit would lie in the far ultra-violet. For cesium, 
however, this width, according to most writers,’ is near 2 volts and 
the cesium spectrum should have a high frequency limit in the red or 
yellow. Since this is not observed one may conclude that the ‘‘brem- 
sstrahlung’’ explanation is probably the correct one. 

This view is suggested by the observations of O. W. Richardson 
and his coworkers ° that the total intensity of soft X rays produced by 
300 to 6,000 volt electrons is very nearly independent of the metal 
from which the target is made. The extreme variation between 14 
metals was less than twofold. This fact is analogous to the similarity 
of the radiative properties of metals in the low-voltage region de- 
scribed in the present paper, and suggests that the phenomena have a 
common origin.” 

The observed intensity may be compared with that predicted by 
quantum theory for the continuous radiat on generated by slow 
electrons impinging on protons. The radiation emitted in ergs in 
frequency range dy is 


J (v) =932 x? Z &§ dv/3 3e'm*y? (1) 


The intensity is given in ergs per proton for a current of 1 electron 
passing through a square centimeter in a second. Z is the charge on 
the proton; e, m, and v are the charge, mass, and velocity of the elec- 
tron; g is a numerical factor equal to unity classically, and also in the 
quantum theory for the case of slow electrons. 

It is of interest to compute the intensity radiated by 6-volt elec- 
trons, for example, falling on a monatomic layer of protons (0.25 x 10°° 
on a square centimeter). In the units of Figure 1, one obtains at 
3,000 A roughly 80 ergs, about ten times greater than is observed. 





‘Ig. Tamm, Phys. Rev., vol. 39, p. 170, 1932. 

*O. W. Richardson and F. S. Robertson, Proc. Roy. Soc., vol. 124, p. 188, 1929. 

'The similarity is surprising when one considers the extreme difference in the properties of tungsten 
andcessium,forexample: the atomic volume of cesium isseven times that of tungsten; the spread of energies 
of the free electrons in tungsten is perhaps three er four times that of caesium; tungsten has the highest 
melting point of the metals, while cesium was a liquid under the conditions of the measurements. 

‘A. W. Maue, Ann. der Physik, vol. 13, p. 161, 1932. 
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When it is considered that many layers of charged centers contribute 
to the radiation in the experimental case of electrons striking a metal, 
the discrepancy becomes even greater.® ‘‘Z’’ was made unity in the 
computation because the field of the singly charged nucleus was 
thought to represent more nearly the fields actually encountered by 
the bombarding electrons. 

Leo Neledsky '° has computed the intensity to be expected when 
the nucleus is surrounded by its shielding electrons. Using a rough 
model of such a system of charges, he obtained values much lower than 
those given by equation (1) and in better agreement with the observed 
magnitudes. The classical explanation is of course that the external 
electrons prevent the bombarding electrons from approaching near 
the nucleus where most of the radiation is emitted. 


WASHINGTON, June 20, 1932. 





* The agreement with the theoretical intensity for thick targets reported in an earlier paper was due to the 
use of the Thomson-Whiddington formula for the depth of penetration of electrons into metals. This 
relation can not be applied to slow electrons. 

10 Leo Neledsky, Phys. Rev., vol. 39, p. 552, 1932. (Abstract.) 
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, SIMPLIFIED PRECISION FORMULA FOR THE INDUC- 
TANCE OF A HELIX WITH CORRECTIONS FOR THE 
LEAD-IN WIRES 

By Chester Snow 


ABSTRACT 


4 precision formula is here given for the self inductance of a single-layer helix 
round with ordinary round wire. This is neither more nor less accurate than 
at previously published, from which it has been derived by evaluating certain 
prrection terms and replacing them by approximation formulas which are much 
impler to compute. 


CONTENTS 


I. Introduction 

|. Tranfsormation of Bo(k) 

|. Transformation of B,(k) 

y. Corrections due to lead-in wires 


I. INTRODUCTION 


The formula derived in this paper is a modification, without loss of 
mecision, of the expression for the inductance of a’single-layer helix 
{round wire, given in Bureau of Standards Scientific Paper No. 
37 (vol. 21, p. 431, 1926-27). The notation has been changed, and 
correction terms transformed so that the present formula is more 
imple from the point of view of the computer. 

The diameter of the wire is d; the mean diameter of the solenoid is 
and its length J is the axial distance from the center of the wire 
tthe begininng of the first turn to the center of the wire at the end 
ithe N® turn, N being the total turns so that the pitch of the winding 
lV. The modulus & of the complete ellipitic integrals K and E is 
ven by 
ae 

~P+D? 


he principal term L, is the current-sheet formula of Lorenz. 


72 2 
1,1 TP [K-E+ 7 (E—B | (1) 


k 


3 


sone of the correction terms there appears M, the mutual inductance 
eween the two end-circles of the solenoid, which is computed by 


M=42p| *=-5K] (2) 


le inductance ZL of an actual helix is (to a precision which neglects 


3 
ms of the order of (wp) log ND 
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NrD aif 4 
+1P(5) 





Pe ae rD| 2N(In xy ts 0.80473) + tin 


-3M -? ETD w|i aa(Sst) ] 


: fmm =< | 
2 pein VE+D? 


=> 


where 
P(n)= i +2ln4n when n=1 
=3n—nlnyn when nS 1 


The ambiguous sign is plus for the ‘‘natural” and minus for the w 
form distribution of current over the section of the wires. <A curre 
density inversely proportional to the distance from the axis of ti 
solenoid is called the natural distribution. 

The formula for Z here given is obtained by change of notatiy 
and by transformation of the function A, (4) in formula (114) of ti 


: , . : , , ] 
paper cited. (This formula contains a misprint in the term slog 
3 Oe 


which should be = + logs 2 In the present notation this formula is 


L=L,.+ PL 2n( lg —0. 89473) +3 +2 oe =| 
+ xDA(k) = = P+ D(E-k s(t) 


The function A,(k) is defined by formula (39) 
Ao(k) = AIBo(k) ~ By(k) + Bi] +0.66267 ~ 4lnx 


The numerical quantity B, was defined in (90) as a series which h 
been found to be —0.60835. Hence 


rDA;\(k) =D 4 (B(k) ~ By(k)) +o.11 | 


The term 0.11 in the parenthesis will be omitted since 0.1 D will! 
considered negligible in this small correction term. As most sol 
noids to be used as precision standards would have an inductan 
greater than 10 millihenries (10’ cm), it is evident that with a diamet 
of say 30 cm, 0.1 D would be 3 cm, which is about 3 parts in 10,000,0 
Hence, in the transformations of B)(k) and B,(k) which follow, tem 
of the order of 0.1 may be considered negligible. 


II. TRANSFORMATION OF B,(k) 


On page 507 of the paper quoted, B, is given by 


_F®) iF k? a 


By(k) =1—- J1—2? 





Snot 


If 


the 


we 


snow) Precision Formula for Inductance of Helix 
If we let 
V1—-—k 


_— 1 “ 
aie wae and zx =I 


_4() K(x)dz 4 (" ey 
whee ofa 2), eee 8 (gee 


4{[5 j : nt + vat +sin’6 + sin?6 
=— 9} 2— l 
af ‘ Lak + smd ~!{3 og| ® sin@ 


then (6) gives 
pre a (I ; 
<= By(k) = ~~ JET DE) — H+ (5) (8) 


We may evaluate P(m) first for the case where n=1; that is, where 


@ =D. Using the formula 


{i log sin 0 dd=—5 log 2 2 


we may write (7) in the form 


P(n) =2 log 2+ : ‘| Nog (n+ qt ain's) dé 
0 


4 =. eect 
=2 log ant 5 [ *log(1 + vie *) 
0 7 


or since (for 721) 


(Fagg SED 
“35; nm T(n+1) — 


n=1 


Cc 


" 1 you 1.3.5... (2n—1)P 
=9 o + ——. ome i = 
P(n)=2 log 4m 4n’ n Eee . 2n jn if7=1 (9) 





n=2 
Since the sum of this alternating series is numerically less ae the 
value of its first term aay =>0-7 Which is never greater than about +. Hit n 
=1, it is sufficient to take 


1 
P(n) =2 log 4nt7e 


When »=1 this becomes 2 log 445-3. 02 while the exact expression 


(9) becomes 2.98. We may, therefore, take P(1)=3. On the other 
hand, when 0S 71, the approximation 


when 7=1 (10) 


P (n) =3n+ log 5 when 0S 751 (10)’ 
132919—-32———_10 
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will be in error by not more than 0.1. This may be seen from the 
fact that (10)’ is correct at »=0 and »=1, while the error between 
0 and 1 is 


Y (n)=8n+ log = —P(n) 
which has its greatest numerical value when 
n= a = 0.34904 


corresponding to k?=0.8914. This is the root of the equation 


‘ 1 : a x 4k 
Y (n) =0=2+log “el (n)=2+5 log [kB , Kw 
To estimate this greatest error, we may obtain an upper and lower 
limit to P (n) as follows: 


Write 
P(n) =log aif log (n+ -¥1+ n?—cos6)*do 
0 
te (led ee ee mee J” 
=log ati / log (1+27?—cos?@+2n-+/1 + n?—cos’0) dé 
Now 
2n-1+ 7?—cos’6= 2nv1t+17?- ce cos’@—Z (n, @) 
where 
we > r(s-5) —_ 
Z (n, 0) = TF) k*cos**6 
where 
2 i 
1+7’ 


The function Z is never negative. It vanishes when 6=~ and has its 


a 


greatest value when 6=o and @=7 which is 


n(-V1+n?—n)? 
Z (n, 6) = Vite 


Hence P(n) may be written in the form 
7 or oe 
P(n)= ah log al {vi +?+n)?—Z(n, 6)— vir) cos?6| dd 
V1+7? ) 
If in this integral we replace the variable function Z(n, 6) by its 


smallest value, zero, we get a function F(6), which is an upper limit 
for P(n) for all values of n. 


1(* ——; 1+7° 
rov=t { log 4|(yIFa?+n)*- vee) cos*a | do 
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i we replace Z(n,0) by its greatest value, we get a function f(y) which 
ce - ~~ thea, ; 
& « lower limit to P() for all values of (7) where 


: x ae . p> ae lT+y2+ 
i= . j, log 4\( V1 + 7? +n)?- ny Set ai fe 2B ate ") cos"6| dé 
aid T Js 


V1+7? 1+ 97 
Mhat is f(@) <P(n) <F(n) if n>0. 


Both of these functions may be evaluated by means of the definite 
integral formula 





| "og 4 (a?—b’cos’6) d@=2 log (a+ -/a?—b?) if a=b 


Which gives 
"(n) =2 log (¥1+1°+ (1+4/- 1.) 
F(n) =2 log (y1+1°+7) _—_ 
| F(a)=2 oe (ort aft 449+ 52) 
yl+n? 
This gives 
f(0)=0, f(1) =2.958 


At the point of maximum error in the range 0<7<1, which is at 
, = 0.349, we find 


Po ” 1431 ; Whence P(m)=1.506 +0.075 
l — . 


3m+m log = =1.415 
1 


Which shows that the maximum error made by using (10)’ for P(n) is 
Spproximately 0.1 in the range 0O< S11. 


III. TRANSFORMATION OF B,(k) 
s #® The function B,(k) is defined in the paper quoted, on page 453, by 


2 


kBy(k)=", E(k)- f, 2 6/1 — Mint ad 

EN oe : ede ] 
ee ae es. 
( ) 12) iF V1—k’*sin’6 


, 2 , 
{ 2 6°4/1 —k*sin’d do=7- E(k) _ i 2(r—¢$)V1—k* cos*odo 


S . 2 2 v 
' * _edé -FK@)- [3 
: 0 


2 _——————— o(m 
0 ~1—k’sin’6 - 


=) 
V1 —Feos'g 





Bit) AP | ROBO EO uw 
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where 
Uke efi tele -$) __ cos 2 ; 
vl 1—kcos’¢ 






The factor of the integrand y($)=53¢ (r—¢) is represented by { 
parabola which vanishes when ¢=0 and has the maximum yaly 
unity when $= 5’ where it also has a horizontal slope. It is ther 


very approximately the same assin ¢. Replacing it by sin ¢ gives th: 
sufficient approximation 


k * cos 2¢ sin ¢ l—k i—e...7 
Uk) = -% aE eens 4, . 444 — =| _V1-P oy 
— 0 V1-F roosts °* 2k : —— sinh 


= 


Hence 


M be Be. D 
psy P Bik) = + +3 1-psin ‘P| 

















IN 


Figure 1.—Arrangements of lead-in wires 


where M is defined by equation (2) and is obviously the mutui 
inductance between the two end circles of the solenoid. By use «! 
equations (10) or (10)’ and (11), the equation (A) is transformed int 
formula (3) of this paper. 


IV. CORRECTIONS DUE TO LEAD-II WIRES 


The inductance of the helix and lead-in wires together is 
iL” _ L + L, + 2M 


where L is that of the helix given by formula (3), Z, is the se! 
inductance of the lead-in wires and M, the mutual inductant 
between these wires and the Helix. In computing My, the hell 
may be considered a current sheet, and only its axial compontl! 
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current contributes to M,,. If the leads are disposed as shown in 
irure 1, it is evident that these leads which are perpendicular to the 
bxis of the cylinder have no mutual inductance with the cylinder. 

.e latter carries unit current in the y=direction so that the current 








bes as a. <a e : 

| DY MiMensity 1s J Consequently, the term M,, is given by 

om, b/2 1/2 

efor Mn=2 J Ar, y)dy—2 J, A(r, y)dy (12) 
eS the rhere 

7 ’, W=5. far [5 Vv (y- ET ETE 

J —1/2 





bo 





d @ 
“afte y’)?+ (at+r)?—4arsin? 6 
—l/2 0 
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gty r/2 dé 
fe. [re r??—4ar sin? 6 
0 0 
Q7Y 1/2 d 6 
2 pa 
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WASHINGTON, June 17, 1932. 
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REGISTER STUDIES IN OFFSET LITHOGRAPHY 
By C. G. Weber and R. M. Cobb! 


ABSTRACT 


A serious economic waste in offset lithography results from lack of knowledge 
of the optimum printing properties of lithographic papers. The most important 
losses result from register difficulties, and studies of register have comprised a 
large part of the research on lithographic papers now being carried on at the 
Bureau of Standards in cooperation with the Lithographic Technical Foundation. 
Information on factors influencing register was obtained by making experimental 
printings in a commercial plant under routine operating conditions. The 
paper samples used were prepared by cooperating manufacturers, knowledge 
of the history of manufacture of the papers was supplemented by complete 
laboratory analyses, and their response to offset printing in controlled atmos- 
phere was observed to find the influence of paper characteristics on register of 
prints. Most satisfactory register was obtained with the papers that had re- 
ceived the least drastic processing of fibers in manufacture. Internal sizing in 
machine-finish and coated papers appeared essential, but the amount used, 
within normal limits, was not important. Thorough conditioning of paper to 
equilibrium with pressroom atmosphere before the first printing was required to 
obtain register on subsequent printings, and the longest seasoning period prac- 
ticable between printings was found desirable. Closeness of register was also 
influenced by variations in pressure, ink, and water used in printing and by 
uniformity of plates in respect to thickness. An accurate rule of special design 
for measuring prints and a sword type of hygroscope for determining the 
hygrometrice state of paper were found invaluable in the plant studies. 
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I. INTRODUCTION 


The Bureau of Standards is cooperating with the Lithographic 
Technical Foundation in a study of the offset lithographic process. 
The work was undertaken at the request of the foundation. This 
technical organization of the domestic lithographic industry comprises 
over 400 members, including lithographic concerns, paper manu- 
lacturers and dealers, ink and varnish manufacturers, press and 
machinery manufacturers, metal lithographers, litho finishers, and 
photo-composing machine manufacturers. The research is being 


‘Research associate, representing the Lithographic Technical Foundation. 
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carried on with the advice and active cooperation of an advisory 
committee from the foundation under the chairmanship of R. F. 
Reed, director of the department of lithographic research, University 
of Cincinnati. The study was requested because the industry suffers 
an enormous annual loss resulting from lack of scientific knowledge 
concerning the characteristics of paper required for optimum results 
in offset printing. The principal limiting factor in production js 
apparently the failure of paper to meet “the requirements of the 
modern high-speed offset press, and it has been conservatively esti- 
mated that not over 75 per cent of the theoretical production of the 
average press is attained for that reason. 

Preliminary investigational work was previously done by the 
bureau’ for the purpose of finding the principal difficulties in offset 
lithography for which paper is wholly or partly responsible. A 
survey was made of 31 lithographic plants, and the results served as a 
basis for planning the present study. Misregister was the most serious 
difficulty found; therefore, a study of the register of prints was under- 
taken first, and this article deals with some results already obtained. 

A series of practical printing tests were made in the Buffalo, N. Y., 
plant of the American Lithographic Co. under routine operating con- 
ditions to isolate and study the important factors influencing the 
closeness of register. An air-conditioned pressroom was selected 
in order to eliminate variables due to changes in atmospheric humidity. 
By using specially prepared papers, of which the history of preparation 
as regards composition, degree and kind of sizing, degree of hydration 
of fibers, and fiber length were known, information relative to the 
influence of paper characteristics on closeness of register was devel- 
oped. Printing identical papers on a press with controlled variations 
of such factors as pressure, water, and ink gave information on the 
effects of press variables. The papers used in experimental printings 
were subjected to complete laboratory tests of physical properties, 
composition, water penetration, and behavior under tension at 
different humidities to obtain information for correlation with results 
developed relative to the response of the papers to the printing tests. 


II. BEHAVIOR OF PAPER ON THE OFFSET PRESS 


The offset lithographic process is indirect in that the print 1s 
transferred from the plate to the paper by means of a rubber blanket. 
Three cylinders of the same dimensions run one against another in 
fixed positions with a gear on the end of each engaged with a similar 
gear on the next. The cylinders are driven through these gears, 
providing the same speed of rotation for all. They rest one against 
another with fixed pressure on narrow metal bands, known as bearers, 
at the ends of the cylinders. The plate with a positive image 1s 
clamped around the first or plate cylinder and this bears against 
the second or blanket cylinder which is covered with a thin rubber 
blanket. The blanket cylinder bears against a third cylinder known 
as the impression cylinder. In operation, the plate after being 
progressively moistened and inked, prints on the rubber blanket which 
in turn deposits the print on the paper pressed against it by the 
impression cylinder. 





2? The preliminary work was done by F. H. Thurber, formerly an associate scientist at the Bureau of 
Standards 
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The dimensions of paper may change during passage through the 
press or between printings, and the nature and extent of such changes 
determine, largely, the closeness of register in subsequent printings. 
Changes in length in the short or around-the-cylinder direction are 
relatively unimportant because any reasonable change in this dimen- 
sion can be compensated for by press adjustments. However, 
changes in dimension in respect to the length along the back edge 
Jong direction) always result in register difficulties. In passage 
through the press, paper does one of three things in respect to length 
along the back edge before the instant of taking the print. It shortens 
or “pulls in,” remains unchanged, or lengthens by ‘‘fanning-out’”’ 
under stress. If the paper has stretched before taking the impression 
and recovers afterward with resultant contraction of the printed 
design, the resulting print will be shorter than the plate image and, if 
after taking the print the paper expands, the print will be longer than 
the image. 

Register will be obtained regardless of changes in the paper, if at 
the instant of taking the succeeding print the paper responds in such 
a manner as to bring the preceding print back to exactly blanket 
image length. Misregister will occur if the preceding print is not 
brought to image length. Hence, paper can change in length as 
measured and the print stay in register; while paper may show no 
change in length as measured and yet be out of register. A considera- 
tion of the mechanics involved indicates that there is much more 
chance of a short first print stretching or “‘fanning-out” to plate 
image length, to obtain register as it takes the next print, than there 
is of a long print being shortened or “‘pulled in” to plate image length 
as it takes the next print. Therefore, papers that expand after 
taking a print, that is, “print longer than the plate image,” are 
particularly prone to give misregister. 


III. DESCRIPTION AND PROPERTIES OF THE 
EXPERIMENTAL PAPERS 


The papers used in the experimental printings were studied in the 
laboratory in order to obtain complete information for correlation 
with their response to the printing processes. Through the coopera- 
tion of paper manufacturers, four papers of the same composition 
with different degrees of beating, the same papers with surface 
sizing, three coated papers differing as to the degree of sizing in the 
raw stock (paper before coating), and three extra strong machine- 
finish papers differing as to degree of internal sizing were made 
available for the studies. The properties of the papers as indicated 
by the test data for them are given in Table 1. All were chemical 
wood papers. 

Since mechanical deformation of paper is a factor in obtaining 
register, laboratory studies were made of the elongation of various 
samples of lithographic papers under tension. Eleven papers were 
conditioned and tested in atmospheres of 30, 45, 65, and 75 per cent 
relative humidity. Tensions of from 9 to 455 g were applied to 
specimens 15 mm wide and the elongation for each increment of 
tension was observed by means of a horizontal microscope. The 
results did not indicate any significant differences in elongation 
between the various samples tested which included machine-finish 
litho, supercalendered litho, coated litho, and surface-sized paper. 
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The greatest differences in the elongation of the different paper 
occurred at 75 per cent relative humidity and there the widest 
difference was less than 0.1 per cent for the cross direction. Differ. 
ences for the machine direction were much smaller. Such differ. 
ences in expansion are not significant; however, the relation of 
relative humidity to expansion was significant. The minimum varia. 
tion between the expansions of the different papers occurred at 45 
per cent relative humidity and changes in expansion for changes iy 
relative humidity were of smaller magnitude in the vicinity of 45 
per cent relative humidity than at other humidities used. These 
results indicate definite advantages in the selection of an atmosphere 
of approximately 45 per cent relative humidity for lithographic 
plants. 
TABLE 1.—Test data of experimental papers 
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1 For test specimen, 15 mm wide and 90 mm between jaws. 
2 For test specimen, 15 mm wide and 100 mm between jaws. 
8’ Bursting pressure in pounds per square inch through a circular orifice 1.2 inches in diameter. 





Description of special papers 











Sam- 
ple Description 
No. 
1 | Machine-finish litho, light beating, light jordanning. 
2 {| Machine-finish litho, light beating, heavy jordanning. 
3 | Machine-finish litho, normal beating, light jordanning. 
4] Machine-finish litho, normal beating, heavy jordanning. 
5 | No. 1 surface sized with starch. 
6 | No. 2 surface sized with starch. 
7 | No. 3 surface sized with starch. 
8 | No. 4 surface sized with starch. 
9 | Coated litho, no sizing in raw stock. 
10 | Coated litho, one-half normal sizing in raw stock. 
11 | Coated litho, normal sizing in raw stock. 
13 | Extra strong machine-finish litho with no sizing. 





14 | Extra strong machine-finish litho with one-half normal sizing. 
15 | Extra strong machine-finish litho with normal sizing. 
12 Commercial machine-finish litho with which special papers were printed. 





NoTE.—The papers were cut 38 by 52 inches with the long dimension in the machine direction of tle 
paper. 
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IV. TECHNIQUE IN EXPERIMENTAL PRINTINGS 


pbb 


Inthe experimental printings to determine the relation between paper 
aracteristics and closeness of register, the samples of experimental 
apers were inserted in the center of the piles and printed with papers 
eing used for regular commercial multicolor printings requiring very 
lose register. ‘To determine the effects of press variables, one press 
as set aside for experimental work. This press was made ready 
ith the plate at exactly bearer height and with a minimum pressure 
etween the blanket and plate. The printing pressure was varied 
‘ithin closely controlled limits, while printing with a dry plate, with 
ater alone, and with ink and no water to find the extent of effect of 
ach of those factors on register. 

Changes in paper dimensions were determined by means of a rule 
esigned for measuring the displacement of reference marks on large 
heets of paper. (Fig. 1.) It is equipped with two magnifying 
lasses, each with a small glass reticule having a vertical cross hair 
nounted directly underneath. One magnifier may be placed at any 
dint within the range of the scale (24 to 64 inches) and readily set so 
hat its cross hair will coincide with any division on the scale. The 
ther magnifier (fig. 2) is set over the second reference point by means 
{ micrometer adjustment. The distance between the reference 
oints may then be read to 0.001 inch. 

Data relative to dimension changes of papers were determined by 
heasuring distances between register marks on the plate, distances 
etween reference marks on the paper before printing and after each 
rinting, and the distances between register prints after each printing. 
ength of plate image in the around-the-cylinder direction was meas- 
red on the press with a thin steel tape. 

Since all changes in moisture content of paper are accompanied by 
imension changes, a very careful check was maintained on the hygro- 
etric state of the papers, especially in respect to the surrounding 
tmosphere. The sword type of paper hygroscope * was invaluable 
sa tool for determining quickly whether or not paper was in equilib- 
lum with the pressroom atmosphere. The instrument resembles a 
vord, the blade of which contains a hygroscopic element. Expansion 
nd contraction of the element actuate the pointer of an indicating 
evice mounted on the handle of the instrument. The hygroscope is 
ist set for the pressroom atmosphere by waving it in the air until the 
ointer comes to rest and then turning the dial to the position where 
he zero reference mark is directly under the pointer. The blade is then 
iserted between the sheets of the pile of paper to be tested, and left 
ntil the pointer comes to rest. Movement of the pointer from the 
e10 reference mark indicates that the paper is not in equilibrium with 
he surrounding atmosphere. 


V. RESULTS OF STUDIES OF FACTORS INFLUENCING 
REGISTER 


The results of the printings in respect to permanent dimension 
hanges (figs. 3 and 4), the relation of length of first print to plate 
mage length with subsequent printings (fig. 7), and effects of press 
alables (figs. 5 and 6), are presented graphically. 





Robert F. Reed, The Paper Hygroscope, Sales Bull. No. 1. Research Series No. 6, Lithographic Tech- 
‘al Foundation, 220 East Forty-second Street, New York, N. Y. 
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A number of important factors were found to affect register ; 
lithographic printing when constant atmospheric conditions wer 
maintained and the response of papers of known history to a numb 
of the factors was studied. Some study of mechanical factors wx 


BACK EDGE. 





PERMANENT CHANGE TN DIMENSION IN PRINTING OF LITHOGRAPHIC PAPERS - LONG DIRECTION - 
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necessary in order to eliminate the variables not influenced by pape 


characteristics. 
1. ATMOSPHERIC 


The moisture content of the commercial papers as received at tl 
plant was found to vary from 2.8 to 6.2 per cent while that requitt 
for hygrometric equilibrium with the press room atmosphere W# 
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pproximately 5.0 per cent. When cases of paper having a moisture 
ontent more than 1 per cent below room equilibrium were opened 
nd exposed to room atmosphere in the pile, the exposed edges and 
op of the pile absorbed moisture and waves and wrinkles quickly 
leveloped from expansion of those portions. Excessive conditioning 
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ime was required for removal of such wrinkles and when they were 
hot removed, misregister resulted as a result of the paper distortion. 
The benefits of controlled atmosphere in the press room are, of course, 
lost if the paper is not thoroughly conditioned before the first printing. 
itls important to remember that papers differ as to time required to 
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thoroughly condition them. Certain papers, such as moisture-regjs 
ant bond paper or paper badly out of equilibrium with press ro9 
atmosphere, require extra conditioning time. 
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2. MECHANICAL 


Thickness of plates and the stress applied in clamping them on the 
cylinder both influence the effective image length. The length 
increased due to curvature in bending the plate around the cylinder 
and the amount of increase varies with the plate thickness, although 
no mathematical formula seems to apply. Increase in length of plate 
due to mechanical stress in clamping it varies inversely with its thick- 
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ess. All plates measured were from 0.Q50 to 0.085 inch longer in 
5 inches in the around-the-cylinder direction, when clamped on the 
vlinder than when flat. From these considerations, thickness stand- 
rdization for plates appears very important. 
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Studies were not made to determine the effects of packing under the 


» thee ate and blanket. In the studies of other factors, the plate was built 
th ise? to bearer height and the blanket overpacked 0.0025 to 0.003 inch, 
nderfthough it is common practice to build both plate and blanket above 


earer heights. The bearers were 18 inches in diameter. With 
either ink nor water on the plate, increase in pressure between the 
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blanket and paper decreased slightly the excess in length of print over 
plate image along the back. In the short direction, the print was 
shortened. With ink alone on the plate, the effect of pressure was 
less along the back edge, but was little changed in the short direction, 


LONG DIRECTION - BACK EDGE. 


NELATION OF LENGTH OF FIRST PRINT TO PLATE IMAGE LENGTH WHEN TAKING IMPRESSION ON 
SUCCEEDING PRINTINGS, (EQUIVALENT TO MISREGISTER WITH FIRST PRINTING). 
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With water alone on the plate, the effects of increased pressure wer? 
less in both directions. 

A print may be lengthened in the short or around-the-cylindet 
direction by removing packing from beneath the plate and placing 
it under the blanket. The increased length is caused by slippage 
introduced by increasing the circumference and thereby the peripherl 
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peed of the blanket, and decreasing the peripheral speed of the plate 
decreasing its circumference. ‘This slippage is probably taken up 
argely by blanket creep, but it results in an increase in the length of 
rint corresponding to the difference between the effective cy. inder 
ireumferences. Contrary to rather common belief, the increase in 
ate image length due to change in curvature by removing packing 
was too slight to require consideration. However, the difference in 
peripheral speed between plate and blanket introduced by transferring 
0.003 inch packing from the plate to the blanket was calculated to be 
0.0191 inch in 35 inches. The length of print in the around-the- 
cylinder direction may also be increased by pasting a sheet of paper 
on the back cylinder. By this method the peripheral speed of the 
paper is increased, introducing between the blanket and paper a creep- 
ing or slippage which results in a longer print. 
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3. WATER AND INK 


The water used on the press had two effects on the paper passing 
through the press. The immediate effect, due to absorption of mois- 
ture, Was an expansion of about 0.005 inch in 50 inches. When con- 
ditioned until equilibrium with the atmosphere was again reached, the 
paper shrank to about 0.005 inch less than its original length, a 
phenomenon that has not been satisfactorily explained. Ordinarily, 
paper left in piles between printings is in a condition somewhere be- 
tween the two extremes at the second printing. The amount of water 
used is apparently of little importance in respect to action of the 
paper during passage through the press. During a normal first 
printing, the moisture content increased about 0.1 per cent. Dou- 
bling the amount of water used had no serious immediate effect on the 
expansion and contraction of the paper. 

Ink affects register to a degree contingent on the extent of the area 
covered. When printing large solid ink areas, the prints were longer 
than the plate image along the back edge, possibly a result of lubricat- 
ing action of the ink in permitting the blanket to fan-out without 
taking the paper with it. Second prints on first prints containing 
large solid ink areas on which the ink was not entirely dry were short 
in the around-the-cylinder direction. This may have been due to an 
elect of the moist ink on the friction between the paper and the 
blanket, or it may have been due to increased elasticity of the paper, 
permitting more temporary stretch in the cross direction of the sheet. 
Ink tackiness was not studied, but is apparently important. These 
elects of water, ink, and pressure on length of print are shown graph- 
cally in Figure 5 (long direction, back-edge) and Figure 6 (short 
direction). 
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4. PAPER PROPERTIES 


The degree of hydration and length of fibers of paper, which depend 
on the beating * and jordanning ® the fibers have been given during 
manufacture, is extremely important. In studying the influence of 
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‘ Beating is the term applied to mechanical treatment given to paper-making materials, suspended in 
Water, to prepare them for forming a sheet on the paper machine. Beating separates, brushes, and frays- 
pat the fibers and causes them to absorb water by a process known as ‘‘hydration.’’ 

"Jordanning is a refining process that usually follows beating to complete the preparation of the mate- 
Tals for forming a paper of the desired character. In the jordan the fibers are freed from lumps and cut 
to the desired length. 
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these factors on register, seven of the papers having the same con. 
position, but with different beating, jordanning, and sizing treat. 
ments were inserted in the center of a pile of paper on a nine single. 
color run which required hairline register, and not separated from the 
pile until the nine printings were finished. The length of the firs 
color (yellow) impression on each paper was measured and compared 
with those of the regular run. The sample with the least drastic 
beating and jordanning in its manufacture had the shortest first- color 
impression along the back edge and was the best as regards register, 
while the sample with the most drastic treatment in those respects 
was poorest. The sample with the least beating and jordanning had 
the longest first-color impression, hence was best in repsect to register 
in the around-the- -cylinder direction, while the sample having the most 
drastic treatment was again poorest. 

Samples of the eight papers (Nos. 1 to 8, Table 1) were also inserted 
in the center of a pile of commercial paper and printed six colors, 
two colors each printing. In these tests, as in the preceding, the 
sample that had the least drastic beating and jordanning was best in 
respect to register, and misregister increased with increased beating 
and jordanning. (Figs. 3 and 4.) These results indicate the desir 
ability of manufacturing papers for lithography with the least beating 
and jordanning necessary to obtain satisfactory strength and printing 
surface. 

The degree of internal sizing and the presence of surface sizing are 
factors. Surface sizing decreases slightly the dimension changes dur- 
ing printing, but did not have marked effect on the samples available 
Increasing the internal (beater) sizing of coated papers reduced the 
tendency to stretch along the back edge, but was not as effective in 
the short direction. (Nos. 9, 10, 11, figs. 3, 4, 7.) The effects on 
register were slight. Paper with one-half normal sizing remained in 
register best in both directions. With extra strong machine-finished 
papers, increased degree of internal sizing improved the register on 
the back edge, but did not improve it in the short direction. (Nos. 
13, 14, 15, figs. 3, 4, and 7.) One-half normal sizing was practically 
as effective as normal sizing. It appears that while internal sizing 
is desirable for good register, the amount used, within normal limits, 
was not a very important factor. 


5. INCIDENTAL HANDLING 


The time that paper is allowed to season between printings wil 
influence results in subsequent printings. In a conditioned plant, 
it was found that the longest seasoning period practicable is desirable 
since the seasoning period permits an even distribution of moisture 
picked up in passing through the press and allows the paper to recove! 
from stresses set up in printing. 

Register can be controlled within certain limits by set-up of the 
feeders. By certain adjustments, a ‘‘dip” may be introduced in the 
sheet that will materially shorten ines prints already on the sheet, and 
at the same time lengthen to somewhat smaller extent the curren! 
print. In one case noted, a red color found to be printing 48.800 
inches along the back edge was 0.028 inch longer than a succeeding 
black. By pressing down on the sheet with a 1-inch roller 10 inches 
inside the edge, while the paper was being fed to the press, the curren! 
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black print was lengthened 0.004 inch along the back edge and the 
paper was drawn in to shorten permanently the preceding red print 
0.020 inch. The resulting misregister was therefore reduced to 
0.004 inch. Such methods can be employed satisfactorily only on 
the last printing. 

VI. SUMMARY 


In the plants having controlled atmosphere, thorough conditioning 
of paper is essential if the full benefits of atmospheric control are to 
be obtained. The moisture content of paper to be used in such 
plants should be adjusted at the paper mill to approach equilibrium 
with the pressroom conditions in order to facilitate conditioning. 
Paper badly out of equilibrium should be hung immediately after 
unwrapping. The hygroscopic condition of paper with reference to 
pressroom atmosphere in which it is unwrapped can be quickly 
determined with the sword-type hygrometer. The longest season- 
ing period practicable between printings is desirable for uniform 
results, and there appear to be definite advantages in the selection 
of 45 per cent relative humidity for lithographic plants. For the 
plant without controlled atmosphere, every precaution should be 
taken to protect paper from atmospheric changes after starting the 
first printing. The paper should be protected between printings by 
covering with waterproof wrappers. 

Thickness standardization of plates was found important to 
insure uniformity of plate stretch in clamping plates in place. With 
neither ink nor water on the plate, changes in printing pressure 
aflected register only slightly and the effects of pressure variations 
were even less with ink alone and with water alone. Prints may be 
lengthened in the around-the-cylinder direction by transferring 
packing from the plate to the blanket or adding packing to the im- 
pression cylinder. The amount of water used did not appear im- 
portant as doubling the amount used had no serious immediate 
effects. The effect of ink was contingent on the extent of the area 
covered, the presence of large solid ink areas resulting in increased 
register troubles. 

Paper characteristics are important. The best register was 
obtained on the papers that had received the least drastic beating 
and jordanning in manufacture. Internal sizing was desirable but 
the amount used, within normal limits, was relatively unimportant. 
Approximately one-half normal sizing gave best results. The 
presence of surface sizing had no marked effect on the papers studied. 

The closeness with which the imprint length on the paper agrees 
with the length of the plate design on the first color will indicate 
the closeness of register that may be expected with subsequent 
printings. By measuring the first sheets printed on the first color, 
information may be obtained at the start of any multicolor “job” 
that will indicate whether register trouble will be encountered in 
succeeding printings. A first print on the paper longer than the plate 
design along the back edge is always indicative of register troubles. 
lhe special rule described should be of great value to the lithographer 
lor use here in forestalling trouble. 
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CREEP AT ELEVATED TEMPERATURES IN CHROMIUM- 
VANADIUM STEELS CONTAINING TUNGSTEN OR 
MOLYBDENUM 


By William Kahlbaum! and Louis Jordan 


ABSTRACT 


Determinations of creep at temperatures between 750° and 1,100° F. were 
made on two tungsten-chromium-vanadium and a molybdenum-chromium- 
vanadium steel. These steels were tested as tempered after mechanical working 
(rolling) and are compared with steels of similar compositions which had been 
oil quenched and tempered. 
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I. INTRODUCTION 


This paper reports the results of tests of creep in tension made on 
3 alloy steels; namely, 2 tungsten-chromium-vanadium steels and 1 
molybdenum-chromium-vanadium steel. The chemical compositions 
of these steels, their mechanical properties at room temperature, and 
the heat treatments to which they were subjected prior to testing are 
all listed in Table 1. There are also included in Table 1 three addi- 
tional steels (a tungsten-chromium-vanadium steel, a chromium- 
molybdenum, and a molybdenum-chromium-vanadium steel) which 
had been tested previously for creep.” These steels so closely resemble 
the steels tested in the present work as to make desirable a comparison 
of the results of creep tests of the two groups. 

The two tungsten-chromium-vanadium steels of the present report 
differ chiefly in carbon content (0.50, and 0.38 per cent). One of the 
steels previously tested (EE1139) very closely duplicated the two 
tungsten-chromium-vanadium steels of this report, especially the 
higher carbon steel. The heat treatments, however, differed in the 
two cases. The two steels recently tested were simply tempered at a 
rather high temperature after rolling, while the similar steel of the 
earlier work was oil quenched and tempered. 

The third steel with which this report is primarily concerned is a 


| molybdenum-chromium-vanadium steel (SE208) containing about 


1.2 per cent manganese. This steel is compared with two of the steels 
previously tested, of which one (E1549) was of a very similar composi- 
tion, also with high manganese (0.95 per cent) but without vanadium; 
the other was also similar to steel SE208 of the present report, except 
that this comparison steel (E1490) was of higher carbon and lower 
manganese content. 


, Research associate, representing The Midvale Co., Philadelphia, Pa. 
H.J. French, William Kahlbaum, and A. A. Peterson, Flow Characteristics of Special Fe-Ni-Cr Alloys 
and Some Steels at Elevated Temperatures, B. 8. Jour. Research, vol. 5 (RP192), p. 125, 1930. 
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II. METHOD OF TESTING 


? 


The method employed for determining ‘“creep”’ was substantially 
the same as previously described ,° except that all of the horizontal 
furnaces and loading machines were replaced by vertical units, as 
shown in Figure 1. As a result the frictional losses of the mechanical 
lever loading system were materially reduced. 

Figure 1 shows the method ef loading the specimen in the vertical 
furnace. The specimen was 0.250 inch in diameter within the 2-inch 
gage length. The top adapter was suspended from a spherical seat. 
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Fiaure 1.—Diagram of vertical test units for creep 
tests at elevated temperatures 


A, traveling microscope; B, lamp; C, furnace control thermocouple; 
D, specimen temperature thermocouple. 


The temperature of the specimen was measured by the thermocouple 
D, the hot junction of which was tightly wired to the surface of the 
specimen at the middle of the gage length. An automatic temperature 
control which regulated the temperature of the furnace was actuated 
by the thermocouple C, the hot junction of which was placed close 
to the furnace windings. During operation the top and bottom 
openings of the furnace around the adapters were tightly packed with 
asbestos to minimize convection currents within the furnace. A 
harrow rectangular opening through one side of the furnace (covered 
except when actually observing the gage marks) permitted measure- 
ments of the extension of the specimen during testing. 

The gage length of the specimen was defined by cutting a shallow 
groove close to the fillet at each end of the reduced section of the 





‘See footnote 2, p. 441, 
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specimen and securing tightly in this groove a loop of 32 B. &§ 
gage (0.008 inch diameter) platinum wire. The coefficient of expan. 
sion of platinum being less than that of steel, the wire did not loosen 
as the temperature rose. 

The expansion was observed by means of a traveling microscopy 
of long focus (A, fig. 1) whose motion was governed by a screw of 
0.5 mm pitch and a disk carrying 100 divisions. The value of or 
division on the disk was, therefore, 0.005 mm (2 X 107‘ inch). 

The accuracy of the readings depended considerably on the 
illumination, and therefore the illumination was kept as constant 4; 
possible throughout the period of test. As shown in Figure 1, the 
microscope carried a small lamp, B, so arranged that the rays wer 
reflected from the wire at nearly normal incidence. Through the 
telescope the illuminated spot appeared pointed at each end, and upon 
the points the cross hair of the traveling microscope was set. 

Observations were made over a period of from 400 to 1,000 hours, 
usually at intervals of 24 hours. In the case of specimens carrying 
the lower loads at any temperature, there was frequently insufficient 
creep in 24 hours to be detected. The total creep over periods of 
400 to 1,000 hours permitted the detection of creep rates of the order 
of 10~® inches per inch per hour. 

A survey of the temperature uniformity of the specimen showed 
that the temperature indicated by the thermocouple, D, at the 
surface of the middle of the gage length differed from the temperature 
at the center of the specimen at the midpoint of the gage length by 
only 1° F. at 800° F. and by 3° F. at 1,200 °F. Furthermore, the 
maximum variation in temperature along the length of the test bar 
(the temperature measurements being made at the ends of the 
specimen in the shoulder of the bar just outside of the reduced 
section) was in all cases greatest between the bottom end and the 
middle of the gage length. This difference amounted to 23° F. 
(13° C.) at 800° F. (426° C.) and to 18° F. (10° C.) at 1,200° F. 
(648° C.). The temperature difference between the middle of the 
gage length and the top end of the bar was not detectable at 800° F. 
(426° C.), and was only 9° F. (5° C.) at 1,200° F. (648° C.). 


III. RESULTS 


The time-extension curves for the three steels, showing on each 
curve the stress in lbs./in.? of original cross section and, in parentheses, 
the identification number of the specimen, are given in Figures 2, 3, 
and 4. The two tungsten-chromium-vanadium steels were tested at 
750°, 850°, 950°, 1,050°, and 1,100° F.; the single molybdenum 
chromium-vanadium steel at 650°, 850°, and 1,050° F. 

In Figures 5, 6, and 7 are plotted for the several testing temperatures 
the stress and the initial flow; that is, the relatively rapid deformation 
at the time of, or immediately after, loading. Also, there are plotted 
the stress and the average rates of flow, calculated from the so-called 
second stage of the time-extension curves; that is, that portion 0 
rather uniform rate of extension following the initial flow. 

Figures 8, 9, and 10 show the stress which, at any selected tempera- 
ture, results in 0.1, 1, 2, or 5 per cent secondary elongation, or creep, 
in 1,000 hours. These figures also show in some cases the stress 
resulting in 0.1, 1, or 2 per cent initial elongation preceding the stag? 
of secondary elongation. 
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Ficurr 2.—Time-elongation curves of tungsten-chromium-vanadium steel 
EE1546 under different loads and at different temperatures 
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Ficure 3.—Time-elongation curves of tungsten-chromium-vanadium steel EE1 554 
under different loads and at different temperatures 
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IV. DISCUSSION AND SUMMARY 


The discussion of the results of the present creep tests and correla- 
tion of these results with previously tested steels of similar composi- 
tions is most conveniently based on Figure 11. In this figure the top 
and bottom of a solid black rectangle indicate, respectively, the{stress 
producing 1 per cent and 0.1 per cent initial deformation. When 
there is given only a small solid triangle, the base of,'the triangle 
indicates the stress producing 0.1 per cent deformation and there is no 
value for 1 per cent deformation. Similarly, the open (light) rec- 


Heat No. st-206. ¢ 0.34, wm 118, 91 0/7, C8 180, WO 047, v 0.20 
ROLLED BARS, 160° - 30 win. AIR; 1200°F - 30 wen AIR 





ELONGATION -INCHES PER INCH 





TIME - HOURS sy cal 


Figure 4.—Time-elongation curves of molybdenum-chromium-vanadium steel 
SE208 under different loads and at different temperatures 


tangles indicate secondary flow in 1,000 hours of 1 per cent and 0.1 
per cent. 

A comparison of the two tungsten-chromium-vanadium steels of 
the present tests (EE1546 and EE1554) shows that appreciably higher 
stresses are sustained by the steel of lower carbon content (KE1554) 
at 860°, 950°, and 1,000° F. before 0.1 or 1 per cent creep results 
than is the case with the higher carbon steel. Also there is for the 
lower carbon steel a wider range at 950° and 1,000° F. between the 

— producing 0.1 and 1 per cent creep than for the higher carbon 
steel. 

The previously tested tungsten-chromium-vanadium steel (EE1139) 
was oil hardened and tempered before testing, while steel EE1546 of 
very similar composition was simply tempered after rolling. From 
Figure 11 it appears that at the higher testing temperatures, 950° 
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Fiaure 5.—Flow data for tungsten-chromium-vanadium steel EE1546 at different 
temperatures 
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Fiaure 6.—Flow data for tungsten-chromium-vanadium steel EE1554 at 
different temperatures 
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Figure 7.—Flow data for molybdenum-chromium-vanadium steel SE208 
at different temperatures 
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Figure 8.—Flow chart for tungsten-chromium-vanadium steel EE1546 at elevated 
temperatures 
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Fiaure 9.—Flow chart for tungsten-chromium-vanadium steel EHE1554 al 
elevated temperatures 
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Ficure 10.—Flow chart for molybdenum-chromium-vanadium steel SE 208 


7 at elevated temperatures 
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Figure 11.—Comparison of steels on the basis of the stresses 
producing both initial deformation and secondary flow 
(secondary flow is over period of 1,000 hours) 
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nd 1,000° F., the stress producing 0.1 per cent creep was appreciably 
higher in the quenched and tempered steel. However, this hardened 
nd tempered steel showed 1 per cent creep at stresses very much 
ower than the corresponding rolled-and-tempered steel (EE1554) at 
60°, 950°, and 1,000° F. 

The other comparison to be made in Figure 11 is between the two 
molybdenum-chromium-vanadium steels, SE208 (normalized and 
tempered) and E1490 (oil quenched and tempered), the latter steel 
being considerably higher in carbon and lower in manganese than the 
former. The greater resistance to creep of the lower carbon higher 
manganese steel at all of the testing temperatures involved is obvious 
from Figure 11. It has also a noticeably wider working range; that 
is, the range between stress producing 0.1 per cent and 1 per cent 
rep. The simple chromium-molybdenum steel, with about 1 per 
ent manganese, was found to have such narrow working ranges of 
stress as to suffer by comparison with steel SE208, even through the 
stresses producing 0.1 per cent creep in the chromium-molybdenum 
steel were appreciably higher at all temperatures than for the molyb- 
denum-chromium-vanadium steel. 


WasHINGTON, July 13, 1932. 
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